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General introduction, 
Practically nobody is conscious of his two-eyedness in the sense 
that he knows what is seen by which eye. Confusion arises when, 
due to a disturbance in the binocular coordination system, 
double or unstable images are seen. These disturbances can be 
due to neurological diseases or they can be brought about expe-
rimentally by presenting incompatible images to the two eyes. 
Helmholtz (1924), a champion of an empiristic theory of percep-
tion, considered the binocular system as two independent detec-
tion systems, each leading to a completely developed monocular 
percept. The combination of these percepts, necessary to obtain 
single vision, is supposed to depend upon a 'psychic act'. 
Experience is basic to this act which was described by Helmholtz 
as a conclusion, resulting from an unconscious process of de-
duction (Unbewusster Schluss). Important is that in Helmholtz's 
view no neural connections exist between the visual pathways from 
the two eyes, a statement which is at the least strange in view 
of Helmholtz's great knowledge of anatomy and physiology. It seems 
more plausible that Helmholtz did not so much dispute the pos-
sible existence of neural connections as the statement of his 
opponents (Nativists) who supposed that these neural coupling 
mechanisms already functioned at birth. This is especially 
argued by Von Kries (1924), who defended the empiristic view 
held by Helmholtz, but who also gave some reasons why it would 
not be fair to pin Helmholtz down too much to his clearcut se-
gregation of psychic and physiological processes. A more recent 
defence of Helmholtz's (and Sherrington's) thesis with regard 
to the superfluity of a neurophysiological fusion for the expla-
nation of singleness of vision has been given by Pirenne (1967): 
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"It would seem that the wish to find somewhere in the brain a 
single pattern! corresponding to a single object is based upon 
the implicit assumption that the brain does contain a homunculus 
who is watching the nervous pattern of excitation". Pirenne's 
(1943)thesie that the extra performance of the binocular detec-
tion system should be explained as a probability summation of 
two independent monocular detectors has held ground for a long 
time, largely because of the lack of direct physiological evi-
dence for the existence of binocular interaction.The survey paper 
by Blake and Fox (1973) on psychophysical experiments, aimed to 
test this independence, gives ample evidence for the untenabili-
ty of Pirenne's thesis. Initially Pirenne's study was criticized 
because of the inadequacy of the classic threshold concept but 
in later studies in which Pirenne's model was modified into a 
signal-detection theory approach, the independence could not be 
maintained either. 
The alternative hypothesis is that the better performance of the 
binocular system for detection tasks is due to summation of 
neural signals from the two eyes before the stage of detection. 
The discovery of binocular interaction at single cell level in 
the monkey cortex (Hubel and Wiesel (1968)) and in other areas 
of the brain such as the Superior Colliculus (Kadoya (1971))in 
Squirrel monkey seriously undermined the predominant view stem-
ming for Helmholtz. 
However, rejection of the idea that monocular percepts are de-
veloped independently, does not mean that neural summation is 
necessarily the only interactive mechanism; neural inhibition 
is equally conceivable and has moreover been shown to exist. Nor 
does it means that neural convergence occurs in the processing 
of all stimulus aspects. If we conceive of the process of per-
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ception as an ordered series of decision processes, we can con-
clude from the studies referred to by Blake and Fox that at 
least some decision processes do not occur until after binocular 
convergence of the signals which are relevant for the processes 
concerned. Examples of such processes are the detection of 
light at 'threshold' and detection of differences in spatial and 
temporal acuity tasks. In these cases neural summation occurs. 
For a number of other stimulus aspects it is a far less simple 
matter to connect perceptual processes to single neural mecha-
nisms. Especially for binocular colour and for brightness com-
binations of amply suprathreshold stimuli, it is more difficult 
to propose a definite rejection of the independence hypothesis. 
We shall now briefly introduce the specific issues dealt 
with in the present thesis. More detailed background information 
will be presented in the introductions to the separate chapters. 
1. Binocular brightness combination for stimuli of equal form 
and of equal colour. The fact that we perceive the outer world 
hardly brighter with two eyes than with one and above all 
Fechner's brightness paradox point to the fact that binocular 
brightness perception must be characterized as an averaging pro-
cess rather than as a summation process. In the Fechner paradox 
an illuminated surface viewed with both eyes, of which one is 
covered with a neural density filter, appears dimmer that when 
seen with the uncovered eye only. There are a number of models 
which describe the psychophysical results of binocular brightness 
combination. Hering's (1879) suggestion concerning the complemen-
tary character of the contributions of the two retinas to the 
binocular percept left room for the choice of the weighting fac-
tors and of the quantities to be weighted.All existing models, 
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with the exception of the model by Fry and Bartley (1933) ex-
plicity used Hering's basic idea. Fry's and Hartley's data seem 
to point to binocular summation. 
In Levelt's (1965) model binocular brightness combination was 
described as an averaging of luminance(L) values, whereby the 
weighting coefficients(w. and w ) are not directly dependent 
upon the luminance values as such but upon the amount of 
contour and the strength of the contours in the two eyes. For 
stimuli presented on a dark background Levelt's brightness 
averaging rule can be described as: w.L.+w L =w1L,+w L,=L1., 
l l r r l b r b D 
with w,+w =1. L, is the luminance of a binocularly presented 1 r b ' * 
comparison stimulus. For not too low luminance values the 
weighting factors turned out to be constants. 
In a model presented by Engel (1967, 1969) the linear combina­
tion rule was replaced by a vectorial combination of nonlinear 
brightness responses (ψ), but the complementary character of 
2 2 i the weighting factors was upheld: ψ = ((ν,ψ.) +(w ψ ) ) . b 11 г г 
w. and w values were derived from autocorrelation functions 
2 
and normalized such that Zw » 1. 
The model to be described in Chapter 1 is based upon Schrödinger's 
(1926) idea that each monocular brightness response is weighted 
in the binocular percept with a weighting factor determined by 
the ratio of the monocular flux to the sum of the monocular 
fluxes. 
2. Binocular colour combination. 
For binocular colour combination it is less easy to give an 
overall picture of common results obtained in earlier studies 
than in the preceding case of brightness combination. 
The literature, for which we refer to reviews by Dawson (1917) 
and Das (1953), provides us with a motley of phenomena and with 
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contradictory opinions on each of these phenomena. 
In addition to colour fusion, where the binocular stimulus ap-
pears in a hue somewhere intermediate between the hues of the 
separate monocular stimuli, colour rivalry occurs. The colour 
impression is then not stable. The rivalry process can differ 
from place to place for stimuli which are homogeneous in co-
lour and brightness when seen monocularly. 
A specific phenomena which seems to be related to the strong lo-
cal changes in dominance is luster. The binocular stimulus then 
looks like a glittering metallic surface. 
The existence of serious controversies in the explanations 
of the different effects can be traced back to a remarkable com-
bination of Hering-Helmholtz controversies. The most important 
is their controversy with respect to the nature of binocular 
combination processes in general, as mentioned already above. 
The second is their controversy with regard to the colour vision 
process. In Helmholtz's view any colour stimulus activates one 
or more of three types of retinal receptors, the activities of which 
give rise to fundamental red, green and blue sensations. All colour 
sensations,including yellow and white,are supposed to be synthesized in 
the brain from these three fundamental sensations. In Hering's 
theory no special central synthesis of yellow and white occurs. 
The yellow process is part of an antagonistically organized 
yellow-blue system, whereas white is part of an antagonistic 
white-black system. The third antagonistically organized channel 
is the red-green system. These processes are thought to be lo-
calized in the neural tissue of the retina. 
In a number of studies of which that of Hecht (1928) is 
the best known, the Hering-Helmholtz controversy on colour was 
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aggravated by the question whether it might be possible to 
evoke a yellow sensation by stimulating one eye with green and 
the other eye with red light.If yellow resulted, only HeImholtz's 
theory would be tenable according to Hecht. (Osgood (1953) re-
versed this thesis, stating that if yellow did not occur, the 
theory of Helmholtz would not be tenable). Hecht found, just 
as Rochat (1922) and Trendelenburg (1923) did before him, that 
yellow sensations could be evoked in this way. However, in many 
other studies this result was not obtained. 
The explanations given for the phenomena of binocular colour 
combination can be divided into three broad classes. Das (1953) 
gave such a subdivision. The first type of theories are the 
'Attention theories'. Dawson (1917) an advocate of a psychic 
synthesis model for binocular combination concluded that atten-
tion determined to what extent one of the monocular percepts 
would predominate. He remarked that "fluctuations in attention, 
necessary to explain the fluctuations in dominance, require the 
existence of a particular form of mental activity, which is 
only partly determined by external conditions". For that very 
reason Levelt (1965) considered the attention theory as a 
theoretical escape mechanism. Recently, however, Lack (1974) 
has demonstrated that attention can have an influence on the 
mechanisms of alternation in rivalry. 
A second class of explanations for the binocular colour effects 
was indicated by Dawson and by Das as 'Accomodation theories'. 
The state of accomodation in the two eyes is coupled. Because 
the eye lenses are not achromatic, stimuli of different wave-
length cannot simultaneously be imaged sharply on the two reti-
nas. It is known from contour-contour rivalry experiments that 
defocussing of the stimulus in one eye leads to an enhanced 
dominance of the stimulus in the other eye. As an argument against 
this accomodation explanation for colour rivalry, Dawson adduced 
the frequent occurrence of a form of rivalry in which different 
parts of the binocular field of view show different patterns of 
rivalry. 
The third class of explanations was indicated by Dawson and 
Das as 'Physiological theories'. Hering's theory is one of 
these. Another theory worth mentioning is Fry's (1936) bino-
cular version of the modulation theory of Troland. In Fry's 
theory brightness, hue and saturation of a colour stimulus are 
all thought to be represented in a temporal pattern of spike 
density in one type of optic nerve fibre Binocular colour mix-
ture should be explained as a fusion of two temporal patterns 
into a third one. 
None of these theories has proved to be able to account for all 
phenomena of binocular colour mixture. 
Despite the long history of research on binocular colour com-
bination there is a lack of quantitative data. Our measurements, 
to be described in Chapter 2 should provide a basic set. In 
these experiments the colour impression of a binocular combina-
tion of equally luminous test stimuli of different wavelength 
is matched with a (binocularly presented) normal mixture of the 
same components in appropriate proportions. It is not a priori 
clear that such matching can be made. Several investigators, 
among them Thomas et al. (1961), however, used this method 
succesfully. 
3. Binocular brightness combination for unequally coloured 
lights. 
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On this point very few data exist. Thomas et al. (J96J) let 
their subjects judge colour and brightness matches between a 
binocular combination of two differently coloured stimuli, and 
a binocularly presented normal mixture of the same stimuli. 
According to these authors luminance summation occurs for bino-
cular combination of unequally coloured lights, whereas lumi-
nance averaging is the rule for stimuli of equal colour. One 
should be careful, however, with the interpretation of 'sum-
mation' in this particular type of study, since the question 
remains which quantities are supposed to be summative. A problem 
around the luminance concept is that the basic law of photo-
metry, Abney's law of additivity, which states that the lumin-
ance of a spectrally composed stimulus is equal to the sum of 
the luminances of the separate spectral components, is only valid 
under special conditions of measurement. It holds in flicker-
photometry; it does not hold in non-flicker conditions, such 
as those used in the experiment of Thomas et al.. It is not 
only the case that two heterochromatic stimuli (which are 
equally luminous according to the method of flickerphotometry) 
are not judged as equally bright in non-flicker conditions; it 
is even possible that the sum of the two stimuli leads to a 
lower brightness impression than either of the two stimuli. This 
nonadditivity, which is well documented in the studies by Guth 
(1973), is dependent upon the spectral composition of the stimuli. 
It could quite well be the case that the summation, as found by 
Thomas et al., actually reflects subadditivity effects in the 
monocular comparison channels. This issue is dealt with in 
Chapters 3 and 4. 
Chapter 5 is concerned with the course of binocular colour mix-
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tures in time. Most experiments on colour combination reported 
in the literature have been performed with presentation times 
of tens of seconds or more. In relatively few studies very short 
presentation times (t < 100 msec) have been used. In the colour-
mixture experiments, described in Chapter 2, we chose two inter-
mediate values, 500 msec and 3 sec. In the experiments to be 
described in Chapter 5, we have matched the binocular colour 
appearance of a number of reddish-greenish stimulus combinations 
for presentation times varying from 20 to 3000 msec. 
In Chapter 6 which is an epiloque, some critical remarks will 
be made on recent reports in the literature, related to cen-
tral aspects of colour coding. 
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Chapter 1 
Perception ά Psychophysics 
1974, УЫ. 15, No. 3, 551-562 
Binocular brightness combinations: 
Additive and nonadditive aspects* 
Ch. M. M. de WEERT and W. J. M. LEVELT 
University of Nijmegen, EraonusUwn 16, Nijmegen, The Netherlands 
A conjoint measurement procedure is used for the measurement of binocular brightness as a function 
of left and right luminance inputs. For nonzero stimulation, the data confirm earlier findings: the system 
can be described as additive with a scale exponent of 1. If zero stimulation is included, however, no 
additive solution can be found (due to Fechner's paradox). This fact, combined with various critical 
remarks in the literature with respect to the existence of a real luminance-averaging system, has led us to 
propose a model which takes account of Fechner's paradox, and incorporates "realistic" exponents 
without requiring a multistage praaessing mechanism where different levels are characterized by 
different sensory scales. The proposed model makes the weighting coefficients for the two eyes 
dependent in a continuous way on the strength of stimulation in the two eyes, especially on the amount 
of contrast of the monocular stimuli. For zero background stimulation, contrast can be expressed in 
terms of luminance of the stimulus. In this way, the model is reduced to a simple testable form. While it 
much simpler than Engel's (1969) model, the experimental results indicate that it might also work for 
the more general case. 
Since Fechner (1861) discovered his binocular 
brightness paradox, there has been no doubt in the 
literature about the existence of binocular brightness 
interaction. But brightness interaction may take any of a 
large variety of forms. On the one hand, one might 
consider dichoptic interactions in threshold phenomena. 
More specifically, one could study effects on absolute or 
differential thresholds, or on critical flicker fusion 
frequencies. In general, the existence of such threshold 
effects has been used as an argument for binocular 
dependence, whereas their absence was taken to mean 
independence of the two monocular channels. On the 
other hand, binocular brightness interaction has been 
studied with respect to the contributions of the 
individual eyes to the joint binocular output. 
Traditionally, brightness judgments have been used in 
nonthreshold studies on binocular summation. This 
work has been reviewed by Levelt (1965) and by Engel 
(1967, 1969). A main theme in this work has been the 
question of whether binocular brightness results from a 
summation or an averaging of the monocular responses. 
Fechner's paradox suggests the existence of an averaging 
mechanism. Averaging models have been proposed by 
Hering and Sherrington (1906), Schrödinger (1926), 
livshitz (1940), Levelt (1965), Hurvich and Jameson 
(1966), and Engel (1967, 1969). However, some 
evidence for summation can be found in the literature; 
this is incorporated in models by DeSilva and Bartley 
(1930) and Fry and Bartley (1933). An important 
additional issue is, of course, what it is that is summated 
or averaged: luminances (Levelt, 1965), discriminal 
responses (Treisman, 1970), or brightnesses 
(Sherrington, 1906; Hurvich & Jameson, 1966; Engel, 
•ТЫ» work w«j supported by The Netherlands Orsuiizatlon 
for the Advancement of Pure Research (ZWO). Theo Schaap had 
an Important part In the production and analyalt of the data. 
1967; Teller & Galanter, 1967). The problem of 
dependence vs independence that was raised with respect 
to the threshold studies now returns in another garment. 
Is the binocular effect of a luminance change in one 
eye dependent on the stimulation intensity in the other 
eye? It should be clear that the answer to such a 
question is, among other things, dependent on the 
choice of response scales. One might have to conclude 
that dependence exists if effects are measured in terms 
of a predetermined sensation scale (e.g., a power scale), 
whereas dependence vanishes if one can freely use a 
discriminal response scale. However, it is not the case 
that independence can always be guaranteed by the 
appropriate choice of scales. 
Under certain conditions, one has to conclude that 
independence cannot be valid, for whatever choice of 
sensory response scales. To our knowledge, no one has 
tried, in the literature on binocular brightness, to show 
that noninteraction is excluded in principle for the 
binocular system. A first aim of this study was to 
develop such a test. For this, we took inspiration from 
the theory of additive conjoint measurement (Luce & 
Tukey, 1964; Krantz et al, 1971), where noninteraction 
is brought under the theoretical notion of additivity. 
The, theory formulates the conditions under which an 
additive, i.e., noninteractive, solution exists for a set of 
measurements of the conjoint effect of two independent 
variables. If an additive solution exists, the theory 
moreover specifies the conditions on the scales. For such 
a test of additivity, only ordinal data are required, so 
that a rather simple type of brightness judgment will 
suffice on the part of the S. 
In this article, we will proceed as follows. We will first 
describe the experiment which allows us to carry out an 
additivity test for binocular brightness. We will then 
discuss the data analysis, which leads to the conclusion 
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that the system is nonadditive This brings us, in the 
next section, to a discussion of the most important 
interactive theones of binocular brightness, ι e , where 
there is some form of dependence between the eyes 
There are, especially, models as proposed by Engel and 
our own version of models as given by Schrodinger and 
Hurvich and Jameson Finally, we will compare these 
models on the basis of the experimental data that also 
served for the additivity analysis 
THE EXPERIMENT 
As stated in the preceding paragraph, we will be able 
to test additivity of the binocular brightness system by 
means of only ordinal data As we will see, such data will 
also suffice to test different nonadditive or interactive 
theories. We decided to base our test on seven luminance 
values for each eye This means that we need a rank 
order over 49 binocular stimulus pairs This was 
experimentally realized in the following way 
Method ι 
A six-channel Scientific Prototype tachistoscope was used, 
provided with an automatic slide-change mechanism for one 
channel in each of the two monocular three-channel parts One 
field in each part served as ал adaptation field, and at the same 
tone as an aid for fusion The luminance of these circular, 
3 5-deg adaptation fields was 80 cd/m' 
The channels equipped with the slide changers were used to 
present the test stimuli, consisting of two 1-deg circular fields, 
horizontally aligned and separated by a 1-deg gap (see I ig lb) 
Much care was taken to assure that both left and right-eye test 
stimuli exactly coincided in the binocular field, set up by Ihe 
fusion (adaptation) fields 
Each 1-deg sub field of a test stimulus could have one of seven 
luminance values, 0, 10, 20, 31, 50, 63, or 79 cd/m', produced 
by neutral density filters In all cases, test and adaptation fields 
had black backgrounds 
Left and right circular slide trays contained all 49 possible 
combinations of the seven luminance values The order of Ihe 
shdes was randomized 
Procedure. The eyepieces of Ihe two three-channel parts of 
the tachistoscope were optimally adapted lo Ihe S's in te rey e 
distance No artificial pupils were used 
After a 5-sec presentation of the adaptation fields, the first 
paus of left- and right-eye test stimuli were presented for 
500 msec In the following 5-sec adaptation period, slides were 
changed m both channels and the next pairs of test simuli were 
presented The 500 msec presentation time was chosen as a 
compromise It is just long enough to obtain a stable binocular 
impression, and short enough not lo disturb the adaptation level 
seriously I or each test held presentation, the S's task was to 
indicate which of the binocularly fused 1-deg fields he judged to 
be the brighter one Since, in some cases, the two fields are quite 
evidently equal in brightness (e g , where all transmissions are 
zero and both fields are black), we allowed the S to give "equal" 
judgments We didn't allow the Ss to look twice for the same 
stimulus presentation On the average, Ss used this option in 
2%-3% of the judgments After each series of 49 presentations, a 
new series of 49 combinations was started by turning the 
right-eye rototray one place further In this way, a total of 49 χ 
49 stimulus combinations were presented to each S From the 
symmetry of the 49 χ 49 stimulus matrix, it is clear that each 
binocular pair is compared twice to all possible binocular paus, if 
we may assume that left and right position on the retina are 
equivalent We will return to this issue in a later section 
Subjects Two trained, male Ss, S and W , served in the 
experiment Both Ss had normal uncorrected vision 
Furthermore, they both had little or no eye dominance, as 
revealed in earlier binocular experiments Measures of eye 
dominance were extracted from metrical equibrightness 
measurements as described by Level! (1965), and trom extended 
series of binocular color mixture experiments to be described in 
another paper 
RESULTS AND ADDITIVITY ANALYSIS 
Let us indicate luminance values m the left-eye 
stimulus pair by (ai,b
r
), luminance values in the right eye 
by (Рі.Чг) Subscripts' I and r indicate stimulus field 
positions (not eyes) After binocular fusion, the pair 
(a|,pi) forms the left binocular field, whereas (br,q¿) is 
the right binocular pair of fields Ss1 judgments of the 
relative brightness of the two binocular fields were 
registered as +1 (resp -1 ) if the right (resp left) field is 
the brighter one, as 0 if the option "equal" was used A 
49 χ 49 matrix was obtained, with row elements 
indicating the 7 χ 7 binocular stimulus combinations in 
the right positions in left and right eye, respectively, and 
column elements indicating the stimulus combinations in 
the left positions in left and right eye Counting the 
number of - I s in one row gives the number of times 
that a particular left-field combination dominates any of 
the 49 possible right-field combinations, 0 is taken as 
O.S. Counting the number of+ls in one column gives the 
number of times that a particular right-field combination 
dominates any possible left-field combinations; Os are 
taken as 0.5 again. We can combine the summations over 
rows and columns, but only if we assume that right-field 
retinal parts behave in a similar way as left-field retinal 
parts do. At first sight this seemed to be allowed. 
Combination of summations over rows and columns 
gives an ordering of the 49 possible binocular 
combinations with respect to their joint brightnesses. 
This ordinal information was used for the analysis of 
additivity to be described below. 
Conjoint Measurement Theory 
Conjoint measurement theory is concerted with the 
way in which independent variables, according to some 
specific composition rule, determine a joint effect. For a 
general description of these recent developments in 
psychological measurement theory, we must refer to 
Krantz, Luce, Suppes, and Tversky (1971). We go into 
some detail only about the most simple, most elaborated 
composition rule, the additive composition of functions 
defined on the independent variables. 
Let L = a, b, c, . . . , be the set of m left-eye 
luminance, and let R = p, q, r, . . . , be the set of m 
right-eye luminance values. The cartesian product of L 
and R produces a matrix, В. В is the set of possible left-
and right-eye luminance combinations. Matrix elements 
bOJ) are numbers related to the joint binocular 
brightnesses of these combinations, in a monotonie 
nondecreasing manner. 
The matrix, B, is additive if and only if there are real 
valued functions, f(a), g(p), and /3(a,p), defined on L, R, 
and B, respectively, such that: (1)/3(а,р) = f(a) + g(p), 
and (2)0(a,p) > 0(b.q) «f and only if b(a,p) > b(b,q) for 
all a,b € L and al] p,q G R. Condition 2 leads directly to 
the requirement of monotonicity of the data matrix. In 
practical terms, the matrix is monotonie if rows anc 
columns can be permutated in such a way that all rows 
have elements which are nondecreasing in value from left 
to right, and all columns are similarly nondecreasing 
from top to bottom. But a monotonie matrix is not 
necessarily additive, as can be seen in the simple example 
given below. For this, still another empirical condition 
must be fulfilled. 
Krantz et al (1971) pointed out that the key property 
for monotonie two-factor systems is given in the double 
cancellation rules to be derived below: 
Ρ q r 
a 1 3 4 
Example of a data 
m a t r i x w h i c h is L 2 s g 
monotonie but not 
additive: с 6 7 9 
If (i) b(a,q) > b(b,p) and (ii) b(b,r) > b(c,q), then (iii) 
b(a,r) > b(c,p), and similarly for the joint inversion of 
the three inequalities. For: (i) implies /3(a,q) > 0(b,p) or 
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f(a) + g(q) > f(b) + g(p); (Ü) implies / K M > «c.q) or 
f(b) + g(r) > f(c) + g(q); and summing (i) and (ii): f(a) + 
g(q) + f(b) + g(r) > f(b) + g(p) + f(c) + g(q). (Double) 
cancellation of equal terms on both sides leads directly 
to: f(a) + g(r) > f(c) + g(p) and thus to b(a,r) > b(c,p), 
i.e., (iii). 
For a m χ m matrix, there are 
(") * (?) 
triples to be checked with respect to this cancellation rule. 
Not all these triples, however, are testable, because 
Conditions i and ii may have opposite inequality signs. 
The latter case we will indicate by "no test." Also, the 
data can violate the double cancellation rule in a very 
weak manner. This is the case where one of the 
conditions, (i) or (ii), is an equality, whereas the other is 
an inequality. If the sign of (iii) is opposite in that case, 
we have, technically speaking, a rejection. However, with 
finer grained data, the equality could have gone both 
ways and in one case we would have had a "no test" 
situation. Therefore, we will categorize "weak 
rejections" separately. 
A special program, "Cancel," was written, by which 
all possible triples could be tested with respect to double 
cancellation. As input, we used the 7 χ 7 experimental 
matrix for which rows and columns were ordered in 
terms of increasing luminance. Apart from the 
double-cancellation test, we computed the number of 
violations of monotonicity for each matrix. One could 
object to this procedure on the basis that one should use 
an input matrix with row and column permutations such 
that maximal monotonicity is obtained. However, it is 
only natural to expect that if additivity holds, increasing 
luminance in one eye should have an increasing 
binocular effect. Moreover, the improvement of 
monotonicity by such reordering was always very small. 
If monotonicity and cancellation are established, we 
may conclude, as shown by Krantz et al (1971), that real 
valued functions, f(a), g(p), and 0(a,p), do exist. Only 
some additional technical assumptions have to be made, 
which are of no significant empirical consequence. 
Ho*r can we find these functions? For this we used 
the "Unicon" program, developed by Roskam et al 
(1967, 1968, 1971), which is ari extention of 
nonmetrical multidimensional scaling procedures, such 
as Kruskal's. We refer to the original publications for 
details. 
Scale values found in this procedure are unique up to 
linear transformations. That is, if f(a) and g(p) are 
solutions for left and right scales, then xf(a) + y and 
xg(p) + y' are solutions too for all x, y, and y'. 
Results of Additivity Analysis 
Table 1 gives the experimental results for the two Ss, 
S. and W. It is immediately obvious that monotonicity is 
violated. The number of nonmonotonicities is 22 and 29 
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53.5 
59.5 
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82.5 
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 "'П 
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59 
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53.5 40 55 69 
71 
86 " 
53 67 
63 ι 67 ι 72 
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Ю 
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! β 
89 92 
subjKt S 
Note-A matrix élément pmentt the number of timet a particular сотЫмЧоп of left and right eye luminaneet 
* fudged to be brighter then any other combination. Maximum robu: 98. 
Tibie 2 
of Row· tad ГяЪтітя Lead· to ш Impfovmrat 
of MoBotoatdty. How·»«, the Nambcr of &Ъощ 
Number of vlolillont 
of moiwtonlclty 
¡cancel· 
liUon 
t e t 
•captane« 
waak rajartlon 
itrong rajactlon 
no tast 
7x7 matrix W 
29 
502 
3 
20 
700 
18 
492 
5 
62 
666 
7x7 matrix S | 
22 14 ι 
432 526 ! 
1 9 
13 66 
779 624 j 
for S. and W., respectively. Almost all of them involve 
the first row and the f i n t column. One could think o f 
permuting these vectors; however, in no way can a 
substantial improvement o f m o n o t o n k i t y be made, and 
i f improvement o f m o n o t o n k i t y OCCUR, the number o f 
violations increases, as can be seen in Table 2 . 
Since the matrices are nonmonotonic, they are 
nonadditive, which indicates srane forni o f interaction 
between the monocular responses. The sort o f 
interaction can be easily deduced: the data are 
nonmonotonic where the zero stimulus is concerned. 
This is another expression o f Fechner's paradox: the 
contribution of an eye increases if the other eye is not 
stimulated. The obvious next question is whether the 
binocular system is additive in a more limited sense, 
namely for nonzero stimulation o f the eyes. For this, we 
computed the 6 x 6 data matrices by ignoring all 
observations whkh involve a null stimulus. They are 
given in Table 3. 
This time, the matrices tum out to be (close to ) 
perfectly monotonie. T o establish additivity, we have 
yet t o test double cancellation. The results of these tests 
are given in Table 4. 
The number of strong rejections is less than 5% for 
both Ss, whereas weak violations are exceptional. It 
seems rather safe to conclude that the binocular 
response is a simple additive function of the monocular 
stimulations if zero stimulation is excluded. This result is 
in complete accordance with Levelt's (196S) findings, 
w h k h for the nonlow luminance range could be 
described by a simple averaging rule. Is it also the case 
Tibie 3 
Limitad Set of Binocolar Штіваіісе Combination« 
R-ay· cd/'m2 R-eye cd/m' 
UJj 
L-ay· а 
cd/m2'l 
SO 
63 
79 
Ю 
1 
3 
10 
21 
30 
45 
20 
4 
9 
18 
26 
35 
48 
?1 
11 
14 
S 
38 
47 
52 
50 
18 
21 
37 
50 
57 
63 
* . 
26 
37 
46 
58 
60 
64 
79 
34 
42 
51 
63 
68 
67 
L-eye 
cd/m 
10 
9 2 0 
2 31 
50 
63 
79 
10 
1 
5 
8 
21 
33 
44.5 
20 
7 
11.5 
17 
25.5 
35.5 
48.5 
31 
8.5 
12 
16 
31 
42.5 
55.5 
50 
20.5 
24.5 
34.5 
44 
55.5 
63 
63 
30.5 
36.5 
42.5 
51.5 
6L5 
68.5 
79 
44 
46.5 
52 
61 
68 
69 
subject s subject w 
Note-Zero luminance is excluded Matrix elements present the number of times a particular binocular combination 
Is judged to be brighter than any other combination. Maximum value: 72. 
- 2 3 -
BINOCULAR BRIGHTNESS COMBINATIONS 555 
that the function is linear with respect to luminances, as 
in Levelt's equibrightness results? To determine this, we 
used the Unicon-scaling program. The results for the two 
Ss are given in Fig. 2. 
It is clear from the curves that the interval scale values 
can indeed be considered as linear functions of 
luminance. We can conclude that, though the 
experimental procedure is quite different from Levelt's, 
our results are in complete agreement with his. This 
result, however, cannot obliterate the fact that 
nonadditivities are obtained if the null stimulus is 
included in the experimental material Ibis means that 
any complete model of binocular brightness 
combination will have an interactive aspept* i.e., the 
binocular effect of stimulation in one eye will increase 
for low or zero stimulation of the other eye. Therefore, 
we will now turn our attention to more complete 
Table 4 
Double Cancellation Test for Reduced Sets of Data 
W 6 ftof tests 
acceptance 
weak rejection 
156 
2 
94 
S 6 |%of tests! 
1 > 
145 96.7 
strong rejection 8 
1.2 
4 . 8 " Τ 4 
0.7 
2.6 
no test 234 250 
number of triples 400 400 
Note-Ail combinations which involve the null stimulus are 
omitted. 
models, which involve some form of dependence 
between the two eyes. 
2.0-
LJ 
1.0 
To 
0.5 
-0.5 
Right eye 
Left «ye 
subject S 
0.043 
Ν» 
Righi eye 
Left eye 
—j— 
SO 
— г
-
100 
luminance ^ / m 2 
SO 
luminance ^ /m? 
100 
Рц. 2. Scales represent an additive solution f m the 6 x 6 reduced data set Scales are unique up to a linear tranrforniation. 
See text 
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INTERACTIVE MODELS 
As we have indicated in the introduction, such models 
have been around in the literature for a long time. The 
obvious reason for their creation is the existence of 
Fechner's paradox, where, in spite of an increase of the 
total amount of energy reaching the eyes, a decrease of 
binocular brightness results. This suggests the working of 
an averaging process in which weighting factors for the 
two eyes are dependent upon a relation between the 
monocular inputs. 
Ín this paragraph, we will first review the most 
important models that have been proposed in the 
literature. This is, on the one hand, Engel's (1967,1969) 
model, which is probably the most complex of all 
existing models. On the other hand, we have models in 
the tradition of Schrödinger (1926), Livshitz (1940), 
and Hurvich and Jameson (1966). With respect to 
Engel's model, we will argue for also testing two 
simplified versions thereof, and as far as the Schrödinger 
tradition is concerned, we will develop one explicit 
variant of these models, which will be called the 
"centroid model." After this short review, we will put all 
four models to test, i.e., Engel's original and its two 
derived versions, and the centroid model. 
monocular fields. The second component, the 
summation component, derives the binocular brightness 
as the vector sum of the two weighted responses. This 
latter part needs little explanation: in the figure, the 
weighted responses are depicted as wL^L and w a ^ R , 
respectively. Here ^ L and ψ
Λ
 are monocular sensation 
values, computed from the input luminances, EL and ER 
via Stevens's power law with exponent value of 0.33. 
More complicated is the first component which 
computes the weighting coefficients wL and wR. The 
reader is referred to Engel (1969) for details. The heart 
of this component lies in the derivation of VL and VR. 
These are values which express the amount of contour 
and contrast in the two monocular fields. As was shown 
by Levelt (1965), monocular contour information is a 
principle determinant of the share of an eye in binocular 
brightness averaging. Engel's V is intended to quantify 
this contour effect. Given VL and VR, left and right 
weighting coefficients WL and WR are computed as 
shown in Fig. 3: 
=
к+к\ ' WL= 
and similarly for WR . In this way, we have w^ + wR = 1, 
which, combined with the assumed vector summation, 
leads to the interesting conclusion that Levelt's law of 
complementary shares is valid only for squared 
sensations: 
•i-w^i+O 
ЧК· 
Indeed, this square root weighting function is 
unmotivated, and to start with one could as well try the 
simpler form, 
wL = V . + V . 
which results in wL + wR = 1, as in Levelt's model. 
In fact, this is the first simplified version of Engel's 
model that we will test; it is called "Engel 2." to 
preserve both the law of complementary shares and the 
vector summation in Engel's model, the binocular 
brightness will be denned as follows: 
*в-(*ь*?1 +*іі*і)Ц· 
Engel's Vector Summation Model 
Engel's (1969) model, which will be called "Engel 1," 
is diagrammed in Fig. 3 (our representation). It is based 
on a theoretical reanalysis of various experimental 
results in the literature, such as Fry and Bartley's and 
Levelt's data. The modd is essentially characterized by 
two components. The first part, the weighting 
component, derives the weights for the two eyes as a 
function of the luminance distributions in the 
This means, however, that it is still the case that the law 
of complementary shares relates to squared sensations: 
4 = W L * L + ( 1 - W L ) * R . 
The only way to relate it to linear sensations is to also 
change the vector summation component of the model. 
This additional simplification of Engel's model will be 
called "Engel 3." The weighting coefficients are as in 
- 2 5 -
"Engel 2," but Ψ
Β
 is now defined as У
в
 = w L * L + 
цфц, a weighted summation of sensations. It should 
be noted here that Engel's arguments for a vector 
summation are not very specific anyhow. Engel refers to 
equibrightness curves measured by Emitz (1966) which 
are not linear such as Levelt's. But nonlinearities can be 
coped with in various ways; vector summation is just one 
of them. Another approach is to make weighting 
coefficients dependent on brightness, as we will do in 
the centroid model. 
Let us now return to the other set of models, which 
originated from Schrödinger's (1926) paper. According 
to Schrödinger, the weighting factor for an eye is given 
by the ratio of the "monocular brightness flux" fatthe 
sum of both monocular fluxes. There is an ambiguity 
here, since Schrödinger uses the term "Helligkeit," 
which could also mean "luminance." 
In fact, Livshitz's (1940) interpretation of 
Schrödinger's model is in terms of luminances, whereas 
in Hurvich and Jameson's formulation (1966), the model 
is explicitly stated in terms of brightness magnitudes. 
The centroid model which we will discuss now is another 
variant in this tradition. In the version that will be put to 
test, it is neither luminances nor brightnesses that 
determine weighting coefficients, but a more neutral 
"discriminal response," which is a function, f(E), of the 
input luminance, E. The function is called "transducer 
function," and it is taken to be an empirical issue 
whether this transducer function is distinct from a 
psychophysical brightness function. If so, we have to 
assume a multistage processing model, such as 
Treisman's (1970) with a "peripheral processing 
component," which is characterized by the transducer 
function, followed by a "metric processing component" 
which outputs brightness estimates. In its more general, 
unquantified version, the centroid model assumes that 
the weighting coefficients for the two monocular 
channels are determined by the "strengths" of the 
stimuli in the two eyes. As in Engel's model, stimulus 
strength is assumed to be a function of the amount and 
distribution of contour and contrast in the stimulus 
field. In Schrödinger's tradition, the weighting 
coefficient for an eye is thus given by the ratio of the 
strenth of the stimulusupon that eye to the sum of both 
monocular strengths. 
In order to quantify the model, we will limit ourselves 
to the present experimental situation in which only 
variation of luminance was used. We will leave the 
possible effects of contours undiscussed. We assume that 
under these circumstances weighting coefficients are 
exclusively determined by the discriminal response 
fl[E + c), which is produced at the luminance input, E. 
We assume that f(E) is a power function1 ·* with 
exponent n, whereas с is a very small "background 
luminance level" which prevents the discriminal response 
from becoming zero. This, in view of the fact that our Ss 
were not dark-adapted, can be expressed in terms of an 
"equivalent background luminance." 
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Finally, we add to the model eye-dominance factors, 
dt, and dR, which are assumed to be constants for a S, 
and which are unaffected by stimulus strength. 
The version of the centroid model which is put to test 
is: 
d L (E L + c ) p - ( E L + c)n 
B
 «МЕь + сГ+МЕк+с)" 
d R ( E R + c ) n - ( E R + c ) " 
dLÍEL+cr+dHÍER+c)"' 
where dL and dR are dominance factors, EL and ER are 
left- and right-field luminance, (EL + c)n and (ER + c)n 
are left and right discriminal responses, and Ψβ IS the 
binocular discriminal response. It is obvious that the two 
weighting factors add to unity. In order to give an 
impression of the model's characteristics, we display in 
Fig. 4 a set of equibrightness curves for dL = dR and 
с = 0. The curves differ with respect to exponent n. 
Intuitively, these curves compare very well with 
Levelt's (1965) equibrightness curves for exponents 
between 0.3 and 0.4. It seems, therefore, worthwhile to 
test the model against the present paired comparison 
data. 
In the following section, we will compare the four 
interactive models ("Engel 1, 2, 3," and the centroid 
model) with our experimental findings. 
Test of the Interactive Models 
In order to compare our data with predictions from 
the three versions of Engel's model, we will have to 
compute the autocorrelation functions, which are at the 
basis of his theory. These functions have to be computed 
for each of the 49 possible stimulus pairs that could be 
presented to an eye. For each of the two stimuli in any 
monocular pair, V values must be calculated. We exactly 
followed Engel's procedure in our computation. The 
only arbitrary choice concerns the value of the nonzero, 
but very small, 'background brightness, as mentioned 
earlier. Engel used a value of 10 - 8cd/m 2, which is 
extremely low. There are several reasons for us to 
deviate from this value. The first reason is that this value 
should represent the effect of stray light (but Engel 
admits that his value of 10 — e , even for that, is too low), 
as well as of adaptation. In our viewing conditions, 
adaptation has been substantially higher than in the 
experimental situations analyzed by Engel. 
At this point, we must remark that adaptation 
conditions have hardly ever been under control in 
binocular brightness experiments. A second reason is 
that recent measurements (Marks, 1973) of equivalent 
intensity of intrinsic light point to values as high as 1-1.4 
photopic trolands, corresponding to an equivalent 
stimulus intensity of about 0.08 — 0.12 cd/m2 for a 
pupil diameter of 4 mm. This differs by more than 106 
from Engel's parameter. Thirdly, from the analysis of 
- 2 6 -
5 5 8 de WEERT A N D LEVELT 
м-
Л «I 
I, «I, 
гттглишш 
, . ι , . " 
ι·Ι,ι"·ι»Ι,"
η 
ir 
η η 
_! " · _ 
η κ t 
« • Ì · 
яиініалші 
m «-LI · 
•г ν-
ιιΐ,ΐ" • 
гистіав 
ж m 
«ι" 
|Ц,РЛ 
«." 
Fjg. 4. Equibiightneu functions for the 
mort ñnple fonn of the centroid model. If 
eye-dotn mance faeton are mvofced, the 
onive· же dmply tilted over the 1,1 point 
-τ­
ι« 
t h e centroid model (see below), we were able t o estimate one S (W.), we tested t h e "Engel 1 and 3 " models for 
background luminance at somewhere from I O - ' t o several background values down to 1 0 - 6 c d / m 2 . It 
I O - « c d / m 3 . This will be discussed later. FinaDy, for turned o u t that the fit of t h e models was best a t about 
Tables 
Ewca ι 
t 
-1 
0 
•1 
' - 1 
1073 
44 
w 
0 
22 
29 
S 
<Ша 
•1 
И 
8 
9B8 
' С' IO" 4 ; 1 1 · . » 
SUbfcW 
f . ' 1 
ι
ο 
•1 
ENbEl 
-1 
ног 
42 
122 
2 
0 
18 
26 
ЭО 
dab 
•1 
44 
. 6 
1012 
С- ΙΟ"
4 ; Π' 
SUbJ: W 
.33 
-1 
8 0 
•1 
ENGEL 
-1 
noi 
42 
Ш 
_ 3 _ 
< 
0 
18 
ZI 
29 
M a 
+1 
« 
6 
1014 
C-IO"4; 
SUbjrW 
n · .33 
-1 
e« I о 
•1 
com 
-1 
1120 
38 
108 
tOlD 
0 
16 
23 
35 
dab 
•1 
я 
8 
10Z3 
С· 10 ; П-.44 
d t - 1 . 0 ; Sub). W 
І 
-1 
0 
• 1 
ENGEL 
-1 
982 
28 
126 
1 
0 
3 
5 
2 
dab 
+1 
il? 
48 
1032 
ENGEL 2 
dab 
г,'
1 
I 0 
• 1 
-1 , 0 , •! , 
1016 
25 
95 
2 
6 
2 
146 
42 
1067 
Г 
-1 
0 
•1 
ENGEL 
-1 
1025 
25 
Η 
3 
0 
2 
6 
2 
dab 
•1 
136 
44 
1075 
CEOTROlD 
C-IO-*; П-.33 
Sub). S 
с-10-*; n-.ЗЗ 
SubJ. S 
с-IO-4; 
Sub]. S 
η·.33 
dab 
-1 
0 
•1 
-1 
1061 
19 
56 
0 
5 
0 
5 
•1 
no 
30 
1115 
С· 1 0 - 4 ; П-.22 
d L-1.06; Subj. S 
- 2 7 -
49-
R-ey· od/m2 
ИГ
4
 10 20 31 50 О 79 
ΙΟ­
Ι- ly· 
ed/m2 
JO­
KT*. 
10 
20 
31 
50 
63 
79 
1 2.5 
4 
7.5 
5.5 
9 
14.5рт.5 
las 
12.5 
16 
17.5 
19.5 
21.5 
31 
40.5 
S.5 
25.5 
«7.5 
32.5 
34.5 
27.5 38.5 
36.5 
42 
«3.5 
«5.5 
49 
theoretical rankorder for 
:45 
•1 
Subj: W 
τ'·.957 
С-10 
• · 
S 
20-
10-
-Γ­
ΙΟ 
-ι 1 Γ -
20 30 
theoretical rankorder 
-г-
40 
— г 
49 
Fig. 5. 
Ю
- 4
 cd/m2. It thus seemed to be only honest to choose 
that value for a test of the Engel models. For the other 
free parameter, the exponent of the brightness scale, we 
used Engel's own estimate of 0.33. 
With these coefficients, we could compute the ordinal 
prediction for every pair in the 49 χ 49 matrix of paired 
comparisons. These were "left dominates right" (-1), 
the reverse (1), or "equal" (0). The fit with the 
experimental data can therefore be represented in a 
3 x 3 table. One can find the result of these tabulations 
in Table 5. 
The table also gives the fit for the centroid model, the 
computation of which is described now. We started from 
7 x 7 experimental matrices (Table 1), since, contrary to 
the Engel models, left and right stimuli in a monocular 
pattern are independent in the centroid model. The Ф
в 
BINOCULAR BRIGHTNESS COMBINATIONS 559 
values for all 49 combinations were determined 
according to Eq. 1 for different values of η and d. The 
background value, c, was given the same values as for the 
test of the Engel models. As mentioned, we have 
independent reasons for this choice, which we will 
discuss presently. We determined the n,d pairs for which 
the solution was optimal, the criterion being that the 
value of the Kendall rank-order correlation between 
theoretical and experimental ordering of Ψ
Β
 values is 
maximized. From there, we could go back to the 
prediction for all 49 χ 49 paired comparisons, and these 
are compared with the actual data for Ss S. and W. in 
Table5. It is this same procedure which was used to 
determine the с value. The idea was the following: Of 
the three parameters, n, d, and c, only the first two are 
of significance if we consider the limited sets of data, 
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where the null stimulus is excluded. These data were 
presented in Table 3. For these data, the analysis of the 
centroid model will be unaffected by the choice of с if 
we may assume that с is small in comparison to the 
smallest real stimulus value. For с = 0, we determined 
optimal w and η pairs for these data, in the 
just-mentioned manner, and these values we used 
preliminarily in the analysis of the 7 χ 7 data matrices. 
This latter was done for various choices of c, and it 
turned out that optimal fits were found for c, ranging 
from I O - 2 to IQr* cd/m2. From Table 4, it appears 
that the fit of the models increased from "Engel 1" to 
centroid, for these particular choices of the parameters. 
We also computed the predictions of the Engel (1.) 
model for η = .44, and compared these to the 
experimental data of S W. The fit turned out to be worse 
than-for η = .33. 
In the discussion, we will return to a general 
comparison of the Engel models and the centroid model; 
now we limit ourselves to a consideration of the absolute 
levels of the fit. At first glance, the number of 
false predictions is still substantial. This led us to 
consider the type of prediction errors. We checked 
various possibilities. Initially, we considered the 
possibility that a sizeable number of the errors would 
involve the null stimulus. However, it turned out that 
the percentage of errors in which the null stimulus was 
involved did not differ from the comparable cases where 
the null stimulus was excluded. A second source of 
errors might have been some asymmetry between left 
and right halves of the retinae. It is immediately obvious 
from the 3 χ 3 tables that, for S S., the right half fields 
are dominant, whereas the inverse is true for S W. This 
finding cannot be explained by an eye-dominance factor 
- 2 9 -
for the whole eye; it must, rather, be ascribed to a kind 
of hemispherical dominance, or to different eye 
dominances for left and right hemispheres, respectively. 
Such phenomena have been observed before (Crovitz, 
1964) and are known as Köllner effects, after KöUner 
(1914), who found hemianopia effects in binocular color 
rivalry. In spite of various detailed efforts, we have not 
been able to find any other systematic source of errors, 
so we are inclined to conclude that it is less the centroid 
model than experimental noise which causes the 
prediction errors. Another way of arguing that this is a 
safe conclusion is to show that the errors are typically 
quite small. This can be seen in Figs. S and 6, in which 
the ordering of theoretical binocular discriminal effects 
is plotted against the ordering of the experimental data. 
Order inversions are nonsystematic and quite small. 
These figures present in a summary fashion the accuracy 
of the centroid model. 
DISCUSSION 
The additivity analysis of our experimental data 
clearly confirmed Levelt's earlier conclusion that for 
nonlow luminance values the binocular discriminal 
response can be described by a linear additive 
combination of the monocular luminances. 
A more complete model of binocular brightness, 
however, has to cope not only with the full brightness 
range for which that additivity is not valid, but also with 
the reality that discriminai responses are hardly ever 
linear. Both Engel's model and theories in the 
Schrödinger tradition can in principle cope with both 
these problems. Engel's is the only model which in 
addition gives a detailed quantitative account of the 
effect of monocular luminance distributions on the 
binocular combination function. At the same time, his 
theory, diagrammed in Fig. 3, is quite complicated. Both 
the derivation of the weighting coefficients and the 
vector summation rule are not simple assumptions. It is 
not su φ rising to find that simplifications of Engel's 
(1969) model at these two points lead to better fits with 
the data. The centroid model does not handle contours 
in a similar general way. In fact, quantitative predictions 
were only possible for the present experimental situation 
in which all stimuli were identical in terms of contours. 
Further extensions of the model have to be made for 
cases where contours are different for the two eyes, such 
as in Levelt's (196S) experiments. It should be 
mentioned, however, that it is also unclear how Engel's 
model would handle these results: as far as we can see, 
several additional assumptions have to be made, for 
instance with respect to the "grain" of the retinal 
mosaic. Whether that will lead to acceptable predictions 
is still an open issue. 
For the present data, the centroid model's predictions 
are clearly better. But this should also be interpreted 
with much care. The centroid model had two additional 
parameters: the exponent, n, and the eye-dominance 
BINOCULAR BRIGHTNESS COMBINATIONS 561 
factor, d. The latter factor is not accounted for in 
Engel's model, whereas the former is fixed at 0.33. We 
see no deep reason to fix the brightness exponent at this 
magic level; it is certainly more realistic to treat it as a 
free parameter within a certain range. For our Ss, the η 
values ranged from 0.22 to 0.44; nobody would be 
surprised to find such values in a magnitude estimation 
or similar experiment. 
This brings us, finally, to the question of whether our 
discriminal response, Ψ
Β
, can be considered as a 
brightness function or not; in the latter case, we have to 
add an additional "metric processing component" which 
t r a n s f o r m s discriminal responses in brightness 
judgments. In the former case, we can agree with Engel 
that it is monocular "sensations" or "brightnesses" 
which are combined binocularly. (The quotes indicate 
the arbitrariness of the definitions of these terms.) The 
fact that our exponents are clearly in the range of the 
exponents found in direct scaling procedures indicates 
that the centroid model can be expected as well to 
account for binocular direct estimation data. Though 
this has still to be demonstrated, it would mean that no 
additional component in Treisman's (1970) sense is 
required to handle both types of data. 
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NOTES 
1. The special choice of a powerlike transducer function is not 
essential for this model. Logarithmic functions can also be used. 
We do prefer power-form functions, because experimental and 
theoretical studies point to this kind of transduce: function. 
Ткішпап (1966, 1970) and Thgsaen and Vendrik (1971) 
propose power-form transducer functions on theoretical 
grounds. In a completely different kind of approach. Luce and 
Green (1972) prefer power functions above logarithmic 
functions in a study on a neural timing model for the 
psychophyalcs of intensity. , .„_„, 
2 While writing this paper, we received MacLeod's (1972) 
paper, which presented essentially the same model, using 
logarithmic transducer functions. 
(Received for publication June 8,1973; 
revision received February 8, 1974.) 
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Chapter 2 
COMPARISON OF NORMAL AND DICHOPTIC 
COLOUR MIXING1 
CH M M DE WEERT and W J M LEVELT 
Psychologisch laboratorium der Katholieke Universiteit, 
Nijmegen, The Netherlands 
{Received 9 July 1974, in revised form 3 April 1975) 
Abstract—Dichoptic mixtures of equiluminous components of different wavelengths were matched with 
a binocularly presented "monocular" mixture of appropriate chosen amounts of the same colour com­
ponents Stimuli were chosen from the region of 490-630 nm Although satisfactory colour matches 
could be obtained, dichoptic mixtures differed from normal mixtures to a considerable extent Mid-
spectral stimuli tended to be more dominant in the dichoptic mixtures than either short or long 
wavelength stimuli An attempt was made to describe the relation between monocular and dichoptic 
mixtures with one function containing a wavelength variable and an eye dominance parameter 
The existence of dichoptic colour mixing has always 
been an emotionally laden issue Terms like "supersti­
tious curiosities" have been used for reports of the 
occurrence of yellow from red and green in different 
eyes (Dunlap, 1944). In Das' review (1953) the history 
of dichoptic colour mixing experiments is given from 
1807 (Haldat) to 1953 (Thomas) The issue can best 
be characterized as a complicated Henng-Helmholtz 
controversy On the one hand it relates to their con­
troversy on binocular interaction in general, on the 
other hand it also entails their controversy on colour 
vision, centered around the existence of retinal yellow 
and white detectors Where in Helmholtz's theory of 
colour vision dichoptic fusion of red and green into 
yellow should be easily possible through unconscious 
judgement, ι e psychic fusion of the monocularly de­
rived impressions of red and green, he denied this 
possibility on the base of his own observations, where 
such mixtures did not occur This was theoretically 
understandable according to Helmholtz, since, con­
trary to the monocular case, slight eye movements 
would immediately lead to a separation of the two 
colours so that their identity would be preserved In 
Henng's theory of colour vision, dichoptic yellow for­
mation was not easily comprehensible, but his ideas 
about binocular convergence of the neural pathways 
from both eyes did not exclude physiological mixing 
of colour signals in general Where Hering could 
observe yellow from red and green in different eyes 
Helmholtz claimed he could not, although he gently 
admitted that others might be able to do so For a 
more detailed survey of dichoptic colour mixture ex­
periments we refer to Das' review 
Solving the problem of dichoptic colour mixing 
requires at least as much insight into monocular 
colour vision processes as in binocular interaction m 
general 
1
 This research was supported by the Dutch Organization 
for Scientific Research (Z W О ), in a grant to the Visual 
Unit V7, of the Stichting voor Biofysica 
RELEVANT DEVELOPMENTS IN COLOUR 
VISION THEORIES 
An important result since Das' review has been the 
growing agreement upon the existence of three types 
of photopigments with maximal absorption at about 
440, 535 and 570 nm The Henng-Helmholtz contro­
versy has been partly solved by zone theories All 
current theories have in common that different chan­
nels exist for brightness and colour information, 
though the way in which different cone types con­
tribute to the different channels is still a matter of 
controversy for the various models (Walraven, 1962, 
Hassenstein, 1968, Bouman, 1969, Guth, 1972, Koen-
derink, 1972) We now know that opponent processes 
occur early in the neural chain of events (DeValois, 
1966), presumably already at the level of the retinal 
ganglion cells, going with nonlinear transformations 
of the receptor activities The three-cone retinal phase 
alone accounts for the colour mixture laws, the 
further neural processing being unimportant for an 
understanding of these laws But colour mixing laws 
describe only the beginning of the colour vision pro­
cess In fact the three-cone theory would never have 
been established without making additional assump­
tions on further processing beyond the receptor 
phase Many of these assumptions seem to be con­
firmed by electrophysiology, especially those related 
to the intermediate levels in the colour vision process 
However, little or nothing is known about colour 
transducer functions, let alone about the metric struc­
ture of the colour signals at the more central level, 
where binocular mixing might take place In an intri­
guing theoretical analysis, which leans heavily upon 
the experimental approach of Hurvich and Jameson 
(1957, 1972) Krantz (1972) proposed methods for 
establishing metric scales for redness, greenness, etc, 
which could probably be conceived of as transducer 
functions However, apart from the virtual impossibi­
lity of constructing such scales independently, the 
theoretical results do not allow for an obvious exten­
sion towards dichoptic colour mixing 
What we want to know ultimately is what kind 
59 
60 
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of colour signals are available at the level where bino­
cular interaction may take place. All existing models 
end up with the splitting of signals into two chromatic 
channels and an achromatic channel. Gouras (1970) 
suggested a further combination of these kinds of sig­
nals. Stimulation of both eyes with different colours 
might be a tool to study the nature of the colour 
signals at a central level. 
SOME RELATED FINDINGS OF BINOCULAR 
INTERACTION IN GENERAL 
Helmholtz's notion of a completely independent de­
velopment of the monocular percepts, without any 
organic link between the two visual pathways, has 
at least partly been ruled out by electrophysiological 
findings of binocular interactions in single cortical 
cells for cats and monkeys (Hubel and Wiesel, 1968; 
Pettigrew, Nikara and Bishop, 1968) and in single 
cells in other areas of the brain, such as the superior 
colliculi (Kadoya, 1971). 
The existence of convergence of neural signals from 
both eyes, however, does not necessarily mean con­
vergence of colour coded signals as well. The largely 
independent processing of different apsects of the 
visual stimuli does not allow for such a generaliza­
tion. Some examples may clarify this statement. 
(i) The colour adaptation effect for orthogonal grat­
ings as described by McCollough (1965) does not 
show interocular transfer (Over, Long and Lovegrove, 
1973), although this statement has been challenged 
by MacKay (1973). Frequency adaptation effects as 
found by Blakemore, Nachmias and Sutton (1970) do 
show an interocular transfer. Julesz (1971) interpreted 
these facts in the light of Hubel and Wiesel's finding 
of the exclusively monocular excitability of colour 
coded cells in the visual cortex. 
(ii) Julesz's brightness contrast dot stereograms give 
rise to stable stereopsis, whereas stereograms, consist­
ing of pure colour contrast dots fail to produce ster­
eopsis (Lu and Fender, 1971). A very stable impres­
sion of depth can be obtained from disparate figures, 
differing in colour as long as brightness contrasts are 
not reversed, even in spite of very strong colour 
rivalry. 
These considerations warn us that the rejection of 
Helmholtz's independency idea, does not necessarily 
point to a physiological central mixture process, and 
furthermore that we cannot directly derive the bino­
cular colour combination process from knowledge 
about binocular brightness or contour combination 
processes. Our direct information on dichoptic colour 
combination processes is comparatively small. 
The aim of this study is to provide basic data on 
dichoptic colour mixing, which are still missing in 
the literature, and without which further theorizing 
about this phase of the colour vision process seems 
to be impossible. These basic data concern the com­
parison of dichoptic mixing of stimuli of different 
wavelength with the monocular mixture of the same 
components. Before discussing the general experimen­
tal conditions we want to express some expectations 
about this way of comparison. Monocular colour 
mixing obeys Grassman's laws. Each colour can be 
matched by appropriate chosen amounts of three pri­
maries. Changes of adaptation and multiplication of 
all components by a constant factor do not disturb 
the equivalence of the stimuli in the match, although 
colour appearance may change drastically. However, 
if we were able to match a dichoptic combination 
of two differently coloured stimuli by another dichop­
tic mixture or by a monoptic mixture of three pri­
maries, this colour match is not likely to persist for 
an arbitrary change in adaptation conditions, nor for 
multiplication of all components by a same factor, 
or for adding a colour component. Another impor­
tant, although strongly controversial law of monocu­
lar colour mixing, Abney's law, is certainly not obeyed 
in dichoptic colour mixing. As an example, Thomas, 
Dimmick and Luria (1961) found full summation of 
brightness for differently coloured lights in the two 
eyes, whereas averaging was the rule for equally col­
oured lights. Whether or not these findings can be 
upheld, important differences are to be expected in 
monocular and dichoptic mixtures of the same com­
ponents. In view of these considerations, there is no 
direct reason to expect that the fusion product in a 
dichoptic combination of stimuli of different wave­
length should give rise to an apparent colour which 
can be exactly matched with a monocular mixture 
of the same colour components in appropriate 
amounts. Earlier studies, however, showed this to be 
possible to a high degree. For instance, Thomas et 
al. (1961) used this procedure successfully. In other 
studies a related method was used. Livshitz (1940) 
compared a number of dichoptic red-green mixtures 
to a variable monocular mixture of 517 and 670 nm. 
Trendelenburg (cited by Schrödinger, 1926) and 
Hoffman (1962) varied dichoptic red-green mixtures 
in order to match a standard monochromatic yellow. 
The possibility of such a two-component match 
obviously does not involve correctness of either 
Grassman's or Abney's laws for dichoptic mixtures. 
We decided to apply Thomas' type of comparison 
procedure, keeping in mind that it should be changed 
if strongly deviant results (impossibility of matchings) 
would be obtained. 
THE EXPERIMENTS 
In order to produce resonably stable dichoptic mix-
tures, certain general stimulation conditions should 
be used. 
(i) According to Thomas et al. (1961) long exposure 
times are necessary to obtain stable colour fusion. 
This is the main conclusion too in nearly all older 
studies, except in Gunter's (1951) study (not men-
tioned in Das' review). In view of the exploratory 
character of our measurements we decided to work 
initially in the medium to long range of exposure 
durations, starting with 500 msec as the lower limit. 
(ii) Test stimuli presented on a dark background 
are better fused than stimuli on a light background 
according to Hering (1879) and Thomas (1961). 
(iii) Although colour fusion is not completely 
excluded for dissimilarly contoured stimuli, complete 
spatial identity should be used, whereas stimuli 
should be small (Hering, 1879). 
(iv) Because dichoptic-monoptic comparisons 
easily give rise to instabilities in the binocular sys-
tem (Levelt, 1965), the "monoptic" mixtures must be 
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presenlcd binocularly Thomas et al also used this 
method They presented test and comparison stimuli 
in adjacent fields We use a separation between test 
fields and comparison fields, and between surround 
and test fields 
Apparatus 
In Fig I a diagram of the optical equipment is gnen 
Monochromatic lights are provided by Tour Carl Zeiss 
prism monochromators, with tungsten filament lamps and/ 
or xenon arc lamps as lightsources Test beams from M,, 
and M 2, with wavelengths Я, and A, resp, are reflected 
in beamsplitters B, and B, and subsequently pass through 
the lower parts of the test targets T, and Тг Comparison 
lights of the same wavelengths. A, and λ
Γ
 from M
u
 and 
M
v
 resp. are combined into a common beam by beam­
splitter prism B, The mixed-beam is split up again into 
two equivalent beams о and β by an Al-film covered 90° 
prism, В4 Beams α and β pass over B, and B2, before 
passing through the upper parts of the test targets The 
exit slits of M,„ M 2 r M,, and M,, are imaged upon the 
plane of the artificial pupils (ΛΡ). which have a circular 
diameter of 2 mm The targets are seen in Maxwellian view 
The subject's head rests upon a chin rest and a forehead 
rest in order to fix the head more firmly Pairs of mirrors 
m| m, and Шз, m4 allow precise accommodation of the 
optical system to the subject's interpupillary distance and 
allow variation of the angle of convergence Intensities of 
the lightsources are controlled by voltage regulation and 
by means of compensated circular neutral density wedges 
(w,). We used a system of orthogonal polaroids P, and 
P 2 to control the relative amounts of the A, and Aj com­
ponents in the comparison mixture An analyzer P 3 could 
be rotated manually at a distance by the subject If the 
inputs at Pj from M l c and M2c are equal in luminance, 
then the output P3 is constant in luminance, independent 
of the angle of polarization if the polaroid's absorption 
characteristics do not differ for the two wavelengths bor 
the luminance calibrations subjects individually made 
flicker-photometric comparisons of both components, that 
is left test colour, left comparison colours, right test colour 
and right comparison colours (as a control) against a con-
Fig 1 Plan of the optical equipment M,, monochroma­
tors, B,, beamsplitter prisms, P(, polaroid filters, W,, neu­
tral density wedges, S„ electromagnetic shutters, F„ flicker 
vane, T„ test targets, C, calibration light source, S, sur­
round illumination light source, A P, artificial pupils, m„ 
system of mirrors forming the eye piece 
slant calibration light patch, which was projected on a 
flicker vane just behind the target The whole system of 
calibration light and flicker vane could simply be moved 
along an optical rail from left eye to right eye position 
Equality m luminance at the observer's eye for the two 
orthogonally polarized comparison components does not 
necessarily mean equality in luminance at the position 
before the analyzer, because of different losses in the opti­
cal system for different angles of polarization We return 
to this problem in the description of the procedure 
Targets Targets were made of black araldite (door-plate 
material) The upper layer was removed by milling out 
a ring with od of 6° (in our optical equipment) and 1 d 
of 3 7° A highly diffusing white surface is obtained in this 
way A central hole, subtending 2 3° was divided in two 
parts by a small (SO ) horizontal stripe of matt black paper. 
upon which a small fixation point of white paper was 
attached in the middle Surrounding ring and fixation 
point were illuminated from the frontside by a 50-W 
halogen lamp, the intensity of which could be controlled 
Separation of surround from test and comparison fields 
and separation of test fields from comparison fields was 
necessary, in our view, to reduce unwanted binocular con­
tour interactions at the one hand and to reduce simul­
taneous colour contrast effects at the other hand 
Modes of presentation Three electromagnetic shutters 
(S,, S2, S3) with 5-cm circular openings, were controlled 
by means of a three-channel timer The opening and clos­
ing times of the shutters were smaller than 10 msec Pre­
sentation times of test and comparison could be set inde­
pendently 
Subjects Three male subjects (S, L and W) served in 
these experiments All three had normal uncorrected vision 
and did not show any colour vision defect One of the 
subjects (L) was known to be strongly right eye dominant 
Experiment 1 Colour mixing at low level of luminance and 
short presentation time 
Stimuli Test stimuli were chosen from a series of 13 
possible wavelengths, ranging from 490 to 610 nm in 10-
nm steps The retinal illumination level was set at 50 Id 
Illumination of the surrounding ring was SO td as well 
Procedure Much care was taken to align the subject's 
centers of the pupils to the artificial pupils Subjects were 
asked to fixate the central white spot between upper and 
lower fields The subject subsequently equated the 
luminances of left test field of wavelength л, the л, com­
ponent of the comparison mixture (at the 0" position of 
P3) and the л, component of the comparison pair (at the 
90° position of P3) Then the whole calibration system was 
moved to the right eye position and the procedure was 
repeated for the Aj test stimulus in the right eye Occa­
sionally, as a control, both comparison components were 
checked for the right eye too 
After some minutes of adaptation to the surrounding 
ring luminance the test stimuli were presented for 500 msec 
in the lower fields, followed after a S00-msec pause by 
a 500-msec presentation of the comparison stimulus in the 
upper field After a 500-msec pause, this cycle was repeated 
The subjects were instructed to turn the analyzer knob 
such as to make an optimal colour match In general, four 
to six repetitions were necessary to make a match Each 
measurement was repeated at least five limes Next the 
A, and A, functions of the M l c and M2c were exchanged 
and matched in luminance again (flicker photometric 
matches can be carried out very quickly by experienced 
observers), after which the whole procedure was repealed 
This interchange was necessary because of a possible asym­
metry in the comparison beam 
All stimuli were combined with each other, except of 
course identical ones, and in most cases immediately neigh­
bouring pairs, because of the nearly arbitrary adjustments 
of the analyzer in these matches We measured the whole 
62 
- 3 4 -
Сн M M DE WEERT and W J M LEVELT 
matrix of possible combinations in left and right eye, 
because of possible existence of eye dominance effects 
Comments made by the subjects concerning the quality 
and stability of the matches were noted by the experi­
menter 
Resulti Judgments about the quality of the obtained 
matches differed slightly for the different subjects Most 
reports of instability were given by subject W, especially 
when a long wavelength stimulus was one of the mixture 
components Subject S reported rivalry in very few cases 
In cases where the matches were not optimal, subjects were 
scarcely able to indicate the difference between monocular 
and dichoptic mutures verbally Generally, remarks con­
cerned the desatureted character of the dichoptic mixture 
This was not experienced however by subject S Literature 
abounds in rather different descriptions of the modes of 
appearance of dichoptic colour combinations (Meenes, 
1939, Johannsen. 1930, Thomas el al. 1961). A special 
form of colour dominance, the so called Kollner effect 
is sometimes observed This effect has been brought back 
m the literature by Crovitz (1964). It is a special form 
of rivalry, in which the left visual field is dominated by 
the colour of the left eye stimulus, and the right visual 
field is dominated by the colour of the right eye stimulus 
But the reverse may occur as well (Crovitz, 1964). 
All these modes of appearance have been reported now 
and then, but in general stable mixtures were obtained 
Sine square and cosine square of the angle of polariza­
tion of P] are used as indices for the relative amounts 
of the λ, and A7 components, that are necessary to match 
the dichoptic mixture of equiluminous amounts of X¡ and 
λ, stimuli in left and right eye respectively 
In Table la for one subject the proportion of the λ, 
stimulus in the companson mixture is given as a typical 
example For convenience we only tabulated the К(л^
А1 
values, which stand for the proportion of the λ. stimulus 
in the comparison mixture when a >, stimulus in the left 
eye is mixed with a Xj stimulus in the right eye Щ,Ь, 
is the complement of Я(А/)„ Figure 2 gives a graphical 
representation of these results The results for the other 
two subjects are given later on in the section of the analy­
sis The strong decline of the contribution of the long 
wavelength stimuli is common to all observers 
Preliminary discussion 
After completing expenment 1 we became rather 
concerned about various procedural aspects Our first 
concern was the hardly photopic level of retinal illu­
mination 
For one subject (W) a number of variations in the 
luminance level were tried out for a limited set of 
wavelength combinations Retinal illumination was 
varied from 40 to about 1000 td for the 600-540 pair 
in left and right eye respectively The method of the 
presentation was the same as that m experiment 1 
In Fig 3a the results are given There is a strong 
increase in the contribution of the 600-nm stimulus 
necessary to obtain a match This is especially so in 
the lower luminance part 
In another expenment right eye test stimuli of dif­
ferent wavelengths were combined with a 600-nm 
stimulus in the left eye Matches were determined for 
two luminance levels, 30 and 300 td As can be seen 
in Fig 3b, an increase of the red contribution 
occurred for all mixtures Although a strengthening 
of the long wavelength contribution occurs, the share 
ι -
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Fig. 2 Open symbols represent UXJix, values, closed symbols represent Д ^ Ь , values. RUjh, stands 
for the proportion of the A, stimulus, necessary m the comparison stimulus to match a dichoptically 
presented mixture of a Xj stimulus in the right eye and a X, sUmulus in the left eye Щ]),., stands 
for the proportion of the Xj stimulus m the companson mixture, necessary to match a dichoptic 
mixture of a Xj stimulus in the left eye and a X, stimulus in the right eye Arrows on the abscissa 
indicate the A. stimuli 
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Fig. 3(a). Dependency of the 600-540-nm mixture behaviour as a function of retinal illumination. 
(h) Behaviour of the 600·/.; mixtures for two levels of retinal illumination. For R(Á¡)¿I, see explanation 
in text. 
of the red still remains below the level which could 
be expected if monocular and dichoptic mixing of col-
ours would be the same, as has been reported by 
a number of authors, e.g. Livshitz (1940). 
A second concern relates to the level of luminance 
of the comparison mixture. As was outlined in the 
description of the apparatus, calibration of the com-
parison lights at the 0° and 90° positions of the ana-
lyzer, leads to a constant luminance of the compari-
son stimulus, independent of the colour. According 
to Thomas et al. (1961), however, stable dichoptic 
matches should only be obtained when the luminance 
of the comparison stimulus equalled twice the 
luminance of the test stimuli. We could simply realize 
this condition by equating the comparison com-
ponents at the 45° position of the polarizer P3. 
Whether or not the thesis of Thomas et al. would 
be upheld, we used this way of comparison because 
of the higher accuracy of the angle of polarization 
as an index for the proportions of the two compari-
son components in the mixture and also since all 
subjects in the first series reported the dichoptic mix-
ture to be brighter than the comparison mixture in 
at least a number of cases. 
Finally we found it useful to vary the mode of pre-
sentation in order to see whether our initial results 
would be strongly dependent upon the presentation 
condition. As an exploratory experiment we com-
pared three modes of presentation for a 300-td level: 
(a) 500-msec presentation of test and comparison 
stimuli simultaneously, with a 500-msec pause 
between the presentations; (b) 3-sec simultaneous pre-
sentation with a 500-msec pause; (c) alternating 500-
msec presentation of test and comparison with a 500-
msec pause between them. Just as in experiment 1, 
about 4-6 repetitions were enough to make a match. 
Although there were very slight differences between 
the simultaneous and the alternation method of pre-
sentation, we decided to use the 3-sec simultaneous 
presentation method for the second experimental 
series, because this mode of presentation gave rise 
to the most stable binocular mixtures. 
Experiment 2. Colour mixing at a medium level of retinal 
illumination and long presentation time 
Procedure. Test stimuli were equated in luminance at 
a 300-td level. The comparison stimuli were equated at 
the 45° position of the analyzer. Test and comparison were 
presented simultaneously in 3-sec presentations, with off 
periods of 500 msec. The surrounding ring was kept at 
the same luminance as in the 500 msec series, that is at 
the 50-td level. 
Results. The dichoptic mixtures turned out to be more 
stable than in the lower luminance series of experiment 
1. In Table 2a a typical example of the R(X¡)ít matrix is 
given for one subject. A global picture for all three subjects 
can be obtained from Fig. 4. The general pattern of results 
is similar to that of experiment 1, although some differ-
ences can be observed. The red decline is more pronounced 
in the low luminance series and furthermore the apparently 
enhanced predominance of the higher wavelength stimulus 
for neighbouring pairs seems to be more pronounced in 
the lower luminance series. 
Analysis of the results of experiment 1 and experiment 
2 
Although our ultimate goal should be the resolu-
tion of the dichoptic colour mixing problem in terms 
of colour vision mechanisms, we first set ourselves 
the more limited aim of describing the results with 
a minimal number of variables, which may or may 
not be related to some colour vision mechanism. 
Because of the more stable character of the matches 
in the higher luminance series, we start the analysis 
with these data. The global picture presented in Fig. 
4 suggests similar functions for all wavelengths, only 
differing in a shift along the ordinate. The R(Àj)i( 
curves suggest a simple two-factor description. One 
factor is related to a structural eye dominance, inde-
pendent of wavelength, the other is related to a single 
wavelength dependent function. 
Let K(A;). and ДЯ,)^ be the proportions of the 
amounts of A, and л, stimuli, necessary to match the 
dichoptic mixture of equally luminous amounts of Я, 
and Xj in left and right eye respectively. We propose 
that 
ЯШ JHj _ 
IMi, = <адч. 
in which d
r
 represents a structural eye dominance 
f ctor and c(XjX,) represents a simple function: 
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and 
сУЛ) = cU.) 
d
r
 and ciXjXj) values can be computed from 
Wfo *q.b, 
ЦЯ,), Д ^ )
і ( 
= i 2 
and 
^ • ^ " « w 
These values were computed for all three subjects 
In order to save space we only present the complete 
tables for subject W Tables lb and с for the first 
experimental series. Tables 2b and с for the second 
experiment 
For an evaluation of this simple description we 
have to consider (1) the variation in d
r
, and (2) the 
amount of fit obtained when the mean value of d
r 
and the best fitting c'(A) function are used to recon­
struct the RiXj)^ values for all the experimentally 
determined combinations 
The d
r
 values for subjects S and W seem to be 
reasonably constant as can be seen m the inscribed 
table in Fig S For subject L the variation in d
r
 is 
larger, especially in the 50-td series 
It still seems sensible, to see how much of the vari­
ance can be explained by the two factor description 
In order to obtain such a measure, we determined 
the best fitting c'(X) function with the aid of Gulhk-
sen's least squares procedure for incomplete matrices 
(Torgerson, 1958) in the following way 
Let ρ(ι, ;) = ВДі, 
с (л,) 
1 - Щ ) ^ с'(А,) 
О/, л _ W À _ <W
 d 
and 
60.0 lcttj)j 
Taking ì log w(i,j) = Ф(і,Д we get <tii,j) = log c'(À,) 
— log c'ÍA,) In Gulliksen's least square program 
L = Σ
ι7 [Φ(ι,]) - log с'(Я) - log с'(Я)]2 is minimized, 
with с'(Я) as the variable The amount of fit is 
expressed in the form of a loss function of the form 
.IRjÀX-mXJd1 
' f Σ 
Σ,,Λί^ 
in which К(Я;)я is the reconstructed Я(Я Л^ value 
Ρ is related to the amount of variance, explained by 
the 2-factor description as (1-P) 100% 
In Fig 5, the best fitting с (λ) functions are shown 
for the three subjects in the two experiments In the 
inscribed table the stress values (P) are also indicated 
In Figs 6-8, the reconstructed К(Я
Л^
, values are 
represented together with the empirical Α(λ1)Μ values 
For two subjects, L and W, the inaccuracy of the 
experimentally determined R values is indicated for 
a number of measurements Generally a S D of about 
10% is found One might ask to what extent the inac­
curacy of the measurements corresponds to reports 
of rivalry We did not find an obvious correlation 
It seems that, if any criterion has been taken, subjects 
are reasonably able to maintain it 
Table 2(a) Κ(λ^
λι
 values 300-td series, subject W (See legend of Table la) 
g 
l· a 3 
5a 
510 
530 
550 
570 
590 
610 
630 
510 
X X X 
X X X 
0450 
0-425 
»497 
0-673 
0801 
530 
X X X 
X X X 
X X X 
0460 
0-530 
0-723 
№817 
Right 
550 
0-520 
X X X 
X X X 
0-475 
0-580 
0-725 
0-815 
eye stimuli 
570 
σ535 
0-535 
»500 
X X X 
X X X 
σ737 
X X X 
590 
0500 
0475 
σ450 
»450 
X X X 
0 595 
0-690 
610 
0-337 
0-290 
0-306 
0 263 
0430 
X X X 
X X X 
630 
σΐ90 
0-207 
0165 
0225 
0 263 
X X X 
X X X 
(b) (lower triangle) d, values (с) (upper triangle) α,λ^,) values (See legend of Tables 
lb and c) 
E 
с 
x~ 
5b, 5c 
510 
530 
550 
570 
590 
610 
630 
510 
X X X 
X X X 
0945 
0970 
0995 
102 
0-975 
530 
X X X 
X X X 
X X X 
0990 
1-01 
1-02 
1-08 
550 
1 15 
X X X 
X X X 
0-950 
1-06 
1-08 
σ935 
Ί; 
570 
125 
1 16 
105 
X X X 
0-99 
100 
x x x 
nm 
590 
1-00 
0-90 
0 77 
0-94 
X X X 
1-05 
0-89 
610 
047 
0-39 
041 
0 36 
0-72 
X X X 
X X X 
630 
0 24 
0-24 
0-2\ 
026 
0-36 
X X X 
X X X 
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Subject W 3 sec/300 td 
Fig. 4. See legend of Fig. 2. 
5 ^ 
I i I 
For subject L, systematic deviations of d, occur, 
especially in the 490-rmi series. The 2-factor descrip­
tion seems to be not fully adequate for his case, 
although it explains about 90% of the experimental 
variance. Moreover, the general characteristics are the 
same as for the other subjects, as can be seen in Fig. 
5. Common to all observers is the change in c'(A) 
at the high wavelength side for the two levels of 
luminance. This corresponds to the earlier findings 
for a limited set of stimuli for subject W (Fig. 3). 
The course of the c'(X) function can simply be 
expressed in terms of chromaticity coordinates. If a 
stimulus of luminance 1^ and chromaticity x^y, is 
mixed monoptically with another stimulus of 
luminance L2 and chromaticity Хг.Уг, then the mix­
ture product has ohromaticity coordinates given by: 
x i ^ L L + X 2 y 1 L 1 УіУг&і + ¿з) 
х
я
 = and y
m
 = ,. 
yìLl + УІ^ yjL, + yiLi 
For L, = p.L2, these expressions are reduced to 
РХІУІ + УіХг ^ „ (1+р)УіУ2 
х
я
 = and y
m
 = . 
РУг + УІ РУі + Уі 
As we measured the dichoptic mixtures in terms 
of monoptic mixtures of the same components, we 
can interpret the c'(k) function as a kind of relative 
efficiency function, specific for the dichoptic combina­
tion. This, because of the fact that the dichoptic 
mixture of equiluminous test stimuli of wavelengths 
λ^ and Aj matches a monoptic mixture of the same 
components, which are now unequal in luminance. 
It is as if ¿ДЯ,) is effectively reduced or heightened 
with respect to LjfAj) according to: 
DISCUSSION 
A number of earlier findings in dichoptic colour 
mixing experiments can roughly be fitted into the c'(A) 
picture. Rochat (1922) found a strong dominance of 
the green stimulus in an attempt to determine the 
Rayleigh equation for a dichoptic mixture of red (671 
nm) and green (535 nm) into yellow (589 nm). Trende­
lenburg (cited in Schrödinger, 1926), and Hoffman 
- 3 9 -
Normal and dichoptic colour mixing 67 
ι -
_ 
Subjtcl W 
% 9 0 td 
О 300 td 
1 
It 
1 
j ^ q 
44 
^ ν 
1 
900 
J* 
rs* 
SubjKt S 
* 50 td 
0.300 id 
1 I 
* \ 
\ 
I 
's? 
590 600 500 550 600 
I -
С 09 -
900 950 600 
50 tò 
500m» 
Subject L 
300 td 
3 »с 
Subject W 
so 
moso «юге KBioc юоюоз 
Subject s 
юг:оі9ЮЗіоіі 
Fig. 5. Best fitting c'(A) functions. The inscribed table represents dt and Ρ values. 
(1962) compared the relative amounts of red and 
green stimuli, necessary to match a monochromatic 
yellow standard in a monoptic and in a dichoptic 
mixture. The ratio of the amounts of 535 and 671 
nm stimuli, necessary for the match of a 589-nm stan­
dard, was about 8 times larger for the monoptic 
match than it was for the dichoptic match in Trende­
lenburg's study, whereas in Hoffman's study the dif-
(o) 
0
-
5
йл*~-*Ч , ^ ΐ Γ - Ν ^ 
0 5 
0-5 
0-5 
550 
530 
J 1__Ι L 
570 
^^S^ 
Λ 
5Ю 
' ^ Х 
J I L 
490 
6Ю 
Ρ<λ,), J'*. 
ference factor was about 1-50 for the 533-631-nm 
match of a 582-nm standard. The c'(A) picture also 
appears in a series of experiments on the mixture 
ratios of complementary colours, necessary to match 
a white comparison both monoptically and dichopti-
cally (Trendelenburg, as cited by Schrödinger, 1926). 
In a fruitless attempt to evoke a sensation of yellow 
in a dichoptic combination of unique red and unique 
(b) 
- · · Reconstructed (Xj^ 
о : Experimental RtXjlx 
Subject W;500 msec/50 td 
1 ' 
570 
550 
530 
500 550 600 
590 
610 
630 
R<tyx, 
510 
Subject W¡3 sec/300 trol 
J I L 
500 550 600 
Fig. 6. (a) Open symbols represent the experimentally obtained Rik^i, values, closed symbols stand 
for the reconstructed /{(Ajh, values for the 50-td series. Subject W. (b) Open symbols represent the 
experimentally obtained Л(^)
д
, values, closed symbols stand for the reconstructed Λ(Λ,)
Αι
 values for 
the 300-td series. Subject W. 
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0 9 
0 5 
• ' Reconttrucl«! WXjlx 
о ' Experimental R(Xj)x 
Subject S 
500 msec/ЭО td 
4 9 0 950 600500 550 600 510 5 5 0 600 550 600 
Xj nm 
Fig. 7. See legend of Fig. 6. Subject S. 
green stimuli, Hurvich and Jameson (1951) obtained 
a colourless impression, but they needed a ratio of 
red to green which was much larger than the ratio 
necessary to get a hueless impression in a monoptic 
mixture of the same components. The predominance 
of the middle wavelength stimuli over red and blue 
stimuli was also reported by Thomas et al. (1961), 
at least for part of their experiments. 
We will now turn 
remarks: 
(i) The most general 
of the variance in our 
can be explained by a 
ponent a wavelength 
function, c'(A), and the 
dominance factor. 
to some general concluding 
conclusion is that a large part 
dichoptic colour mixing results 
2-factor model, with one corn-
dependent dichoptic efficiency 
other component a general eye 
0 9 
^»***** в 
'Wr***?***^ ' * ^ * « Τ Ϊ ί * ^ 
0 5 -
(α) 
550 
J • * • 
J L 
4r 
„ДііНМі*^ 
570 
J L 
^ 
,^ ϋ*******, 
490 
Subject L 
J J 
5 0 0 550 
_L 
• Rranttructtd Η(λ|) ι 
о Experimental Ρϊλ,ϊχ, 
530 
600 490 
λ) nm 
(a) 5 0 0 msec / 5 0 td 
590 
630 
(b) 3 sec/300 td 
Fig. 8. See legend of Fig. 6. Subject L. 
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(II) These results were obtained under the assump-
tion that d dichoptic mixture can be matched in 
colour by appropriate chosen amounts of the same 
components in a monoptic comparison mixture For 
the region of wavelengths under concern, this assump-
tion could be maintained to a high degree, but we 
must remark that complete indistmguishdbihty of the 
two types of colour mixtures is seldom attained Often 
a différence in saturation is noticed, and in a number 
of cases especially when green-red mixtures were pre-
sented, other kinds of differences were noticed, which 
can hardly be expressed verbally 
(III) The с'(л) results should be interpreted very 
carefully, since the mixture results may be dependent 
upon the type of surround illumination used Exper­
iments in which this variable is further studied are 
to be reported in another paper 
(iv) Though under the present conditions we have 
generally been able to obtain stable mixtures, there 
are many conditions under which such stable mix­
tures do not occur Much information about the com­
bination process can probably be obtained from the 
unstable phases of the binocular colour combination 
process Only very few data are available on this 
point Pickford's (1947) index of fuseabihty, derived 
in a factor analysis of stability judgments shows a 
resemblance to our c'(A) function The precise relation 
between these quantities, however, is still unclear 
(v) As to the interpretation of the data, the 2-factor 
description represents only a first step towards the 
explanation of the mixture phenomena Further steps 
should entail a proposal as to the central integration 
of peripherally arising opponent colour codes The 
challenge of dichoptic experiments is especially to 
consider the central integrative phase of colour per­
ception, which is usually left out of consideration in 
monoptic colour work 
In a later paper we will try to present further steps 
towards such a model Suffice it to say here that we 
see no reason to explain phenomena, such as dichoptic 
yellow from monocular red and green stimuli, m 
terms of the radical approach of Hecht (1928), who 
considered yellow synthesis as a central process for 
both the monoptic and the dichoptic case In our view 
the existence of dichoptic yellow can very well be inte­
grated with the presently doubtless facts about the 
early locus (before binocular convergence) of yellow 
coding Both the red and the green stimuli evoke a 
certain activity in the yellow-blue channels for the 
two eyes, and we think it is this common activity 
which forms the stable basis for dichoptic colour 
mixtures Apart from the common yellow activity, a 
further contribution to the stability of the dichoptic 
colour mixture must be ascribed to the amount of 
achromatic activity common in the two channels 
It remains to be seen whether colour codes enter 
directly into a binocular combination process, or that 
the different colour codes are first combined into 
higher order codes, before binocular combination 
occurs It also remains to be seen whether opponent 
qualities are cancelled (Hurvich and Jameson, 1951), 
in a way analogous to the cancellation process in the 
peripheral colour coding, or that one or the other 
member of the opponent components attains com­
plete dominance in the dichoptic case 
REFERENCES 
Blakemore С Nachmias J and Sutton Ρ (1970) The per­
ceived spatial frequency shift evidence for frequency 
selective neurones in the human brain J Physiol, Land 
210, 727 750 
Bouman M A (1969) Mv image of the retina Q Rev 
Biophys 2, 25 64 
Crovilz H F (1964) Retinal locus in lachistoscopic binocu­
lar color rivalry Pempl Mat Skills 19, 808-810 
Das S R (1951) Binocular color mixture Thesis, University 
of Illinois 
De Valois R L, Abramov I and Jacobs G H (1966) 
Analysis of response patterns of LGN cells J opt Soc 
Am 56, 966-977 
Dunlap К (1944) Alleged binocular color mixing Am J 
Psychol 57, 559 563 
Gouras Ρ (1970) Trichromatic mechanisms in single corti­
cal neurons Science 168, 489-492 
Gunter R (1951) Binocular fusion of colours Br J Psy­
chol 17, 363 372 
Guth S L (1972) A new color model In Color Metrics 
(Edited by Vos J J Friele L F С and Walraven Ρ 
L ) AlC Soesterberg The Netherlands 
Hassenslein В (1968) Modellrechnung zur Datenverarbei­
tung beim Farbensehen des Menschen Kybernetik 4, 
209-233 
Hecht S (1928) On the binocular fusion of colors and its 
relation lo Ihe theories of color vision Proc nam Acad 
Sa USA 14, 237 241 
Hering E (1879) In Handbuch der Physiologie der Smnesor-
t/ane (Edited by Hering F Fick A and Kühne W ) Vogel 
Leipzig 
Hoffman С S (1962) Comparison of monocular and bino­
cular color matching, J opt Soc Am 52, 75-80 
Hubel D H and Wiesel Τ Ν (1968) Receptive fields and 
functional architecture of monkey striate cortex J Phy-
MO/ Land 195. 215 243 
Hurvich L M and Jameson D (1957) An opponent-pro­
cess theory of color vision Ps\chol Rev 64, 384-404 
Hurvich L M and Jameson D (1951) The binocular fusion 
of yellow in relation to color theories Science 114, 199-
202 
Jameson D (1972) Theoretical issues of color vision In 
Handbook of Sensory Psychology, Vol 7/4, Chap 14 
Springer, Berlin 
Johannsen D E (1970) A quantitative study of binocular 
color vision J qen Psvchol 4, 282-308 
Julesz В (1971) Foundations of Cyclopean Perception Uni­
versity of Chicago Press 
Kadoya S, Wolin L R and Massopust L С (1971) Photi-
cally evoked unit activity in the tectum opticum of the 
squirrel monkey J comp Neurol 142, 495- 508 
Koendermk J J (1972) Opponent color coding A 
Mechanistic model and a new metric for color space 
Thesis, Utrecht 
Krantz D H (1971) Color measurement and color theory 
Michigan Mathematical Psychology Program, Rep 
MMPP 71-3 and MMPP 71-4 
Krantz D H (1972) Measurement theory and qualitative 
laws in psychophysics, Michigan Mathematical Psy­
chology Program, Rep MMPP 72·'3 
MacKay M and MacKay V (1973) Orientation sensitive 
aftereffects of dichoptically presented colour and form 
Nature, Land 242, 477-479 
McCollough С (1965) Color adaptation of edge detectors 
in the human visual system Science 149, 1115-1116 
Meenes M (1930) A phenomenological description of 
retinal rivalry Am J Psychol 42, 260-269 
Lcvelt W J M (1965) On binocular rivalry Thesis 
Leiden, Mouton, Den Haag 
Livshitz N N On the laws of binocular colour mixture 
Dokl Akad Nauk SSSR 28. 429-432 
- 4 2 -
70 Сн. M. M. DE WEERT and W. J. M. LEVELT 
Lu С. and Fender D. (1971) Short communication. Optical 
Society meeting. J. opt. Soc. Am. 61, 1S67. 
Over R., Long N. and Lovegrove W. (1973) Absence of 
binocular interaction between spatial and color attri­
butes of visual stimuli. Percept. Psychophys. 13, 534-540. 
Pettigrew J. D., Nikara T. and Bishop P. O. (1968) Binocu­
lar interaction in single units in cat striate cortex. Simul­
taneous stimulation by moving slits with receptive fields 
in correspondence. Expl Brain Res. 6, 391-410. 
Pickford R. W. (1947) Binocular colour combinations. 
Nature, Land. 159, 268-269. 
Rochat G. F. (1922) Etude du mélange de rouge et de 
vert. Archs néerl. Physiol. 7, 263-267. 
Schrödinger E. (1926) In MueUer-Pouiüets Lehrbuch der 
Physik, 2er Band. Vieweg, Braunschweig. 
Thomas F. H., Dunmick F. L. and Luria S. M. (1961) 
A study of binocular color mixture fisión Res. 1, 108-
120. 
Torgerson W. S. (1958) Theory and Methods of Scaling. 
Wiley. New York. 
Torgerson W. S. (1958) Theory and Methods of Scaling. 
Wiley, New York. 
Walraven P. L. (1962) On the mechanisms of color vision. 
Thesis, Utrecht 
-43-
Vision Research 1976 (in press) 
Chapter 3. Dichoptic brightness combination for unequally 
coloured lights. 
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Abs tract 
In a series of experiments the brightness impressions of 
dichoptic mixtures of variable amounts of stimuli of differ-
ent wavelength, have been matched against a binocular pres-
ented comparison stimulus of constant spectral composition. 
Test and comparison stimuli were presented successively, at 
the same retinal location. 
The relative contributions of left and right eye stimuli to 
the dichoptic brightness impression are dependent upon &rt 
the wavelengths, in such a way that middle-wavelength stimu-
li contribute a larger part than either lower or higher 
wavelength stimuli. 
This research was supported by the Dutch Organisation 
for Scientific Research (Z.W.O.). 
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DICHOPTIC BRIGHTNESS COMBINATION FOR UNEQUALLY COLOURED 
LIGHTS. 
A number of studies deal with the problem of dichoptic 
brightness combinations for equally coloured lights. See 
Blake & Fox (1973) for a recent review. Very few data are 
available about dichoptic brightness combinations for unequal-
ly coloured lights. One of the few examples of such measure-
ments can be found in the study of Thomas et al (1961), in 
which dichoptic colour mixtures were compared to monoptic 
mixtures of the same colour components. They reported that 
the dichoptic mixture could be matched in colour with approp-
riately chosen proportions of the same components in the 
monoptic comparison mixture, which was presented to both eyes 
("binocularly") and secondly that the sum of the luminances 
of the comparison components had to be twice the sum of the 
luminances of the dichoptic test stimuli. Or to use their own 
terminology, summation of luminances should occur for unequal-
ly coloured lights, contrary to an averaging behaviour for 
equally coloured lights. From the work of Hoffman (1962) a 
somewhat similar conclusion could be drawn in view of his way 
of presenting the amounts of red and green, necessary to match 
a standard yellow monoptically and dichoptically. In a study 
on dichoptic colour mixture (De Weert & Levelt, 1976), in 
which a method, more of less similar to that of Thomas et al. 
was used, the dichoptic mixture was also sometimes reported 
to be brighter than the b'inocularly presented monoptic mix-
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ture of the same components. In that study, though, the issue 
raised by Thomas et al. was not systematically pursued. 
The study of dichoptic brightness combinations seems 
interesting in several respects. The results obtained in an 
earlier study (De Weert & Levelt, 1976), involving dichoptic 
colour mixing experiments, pointed to a very special wave-
length dependent interaction process. The middle wavelength 
stimuli turned out to be rather strongly colour dominant in 
mixtures with lower or higher wavelength stimuli. We will 
amply return to these findings in a later section. The ques-
tion is raised whether this effect is typical not only for 
the colour interaction process, but for the brightness com-
bination process as well. To the extent that brightness and 
colour processes are really independent it would not necess-
arily be the case. But the rigid separation of brightness 
and colour processing can not be entirely maintained, since 
the rediscovery of the strongdependency of the luminance-
brightness relationship on spectral composition of the stim-
ulus, and the possibly related failure of Abney's law (Guth, 
1969, 1973), Padgham (1971), Kaiser (1971), and many others. 
Abney's law can only be maintained under special conditions: 
i.e. if luminances are defined and measured as flicker-
luminance, or if luminances are measured according to the 
minimally distinctness of border method as introduced by 
Boynton & Kaiser (1968). It is clear that the concepts of 
luminance and brightness are not unequivocal. As to the 
interaction of brightness and colour processes, a number of 
models has been proposed (Guth, 1969, 1973; Wasserman, 1970). 
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Froposed as a preliminary model, the model of Guth looks 
interesting because he presented a rather detailed descript-
ion of several kinds of brightness, and, more importantly, 
their interrelation with colour signals. Although no expli-
cit location of the interaction processes of achromatic and 
chromatic signals has been proposed, a central locus doesn't 
seem to be excluded a priori. 
In this article we report a series of experiments on 
dichoptic brightness combination for differently coloured 
stimuli. 
In a first experiment we measured equibrightness curves 
for pairs of equally and unequally coloured test stimuli. 
The heart of this measurements approach, which was introduced 
by Levelt (1965) lies in the use of a binocularly presented 
comparison stimulus of constant brightness. For white 
light combinations Levelt found a linear relation between 
left and right eye luminances, necessary to match the bright-
ness of the constant comparison stimulus. The slope of this 
function is indicative for the ratio of the contributions 
of left and right eye to the dichoptic brightness impression. 
The locally linear character of the binocular brightness 
combination process has also been confirmed in a completely 
different type of experiments, using paired comparison 
measurements (De Weert & Levelt, 1974). Since the interpre-
tation of these initial results is strongly dependent upon 
the definition of brightness, i.e. in terms of flicker-
photometry or in terms of direct comparison, further experi-
ments were added to probe the dichoptic colour-brightness 
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Fig·.! : Diagram of the optical equipment. ТВ: tungsten bandlamps;W.,W„, 
and W :neutral density wedges;S.»S. and S : electromagnetic shutters; IF.t 
IF«:interference filters;?.,P2 and Ρ :beamsplitter prisms; Τ.,Τ-; test 
targets; SI: surround illumination light source; m.: mirrors,forming the 
eye piece; C: calibration light source; F: flicker vane; A.P.: artificial 
pupils. 
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relation. In a second experiment the brightness impression 
of a number of dichoptic mixtures of equiluminous test 
stimuli (according to the CCFF method) of equal and of dif­
ferent wavelength is measured in terms of the luminance of 
a comparison stimulus of constant spectral composition. This 
kind of measurements is extended to the dichoptic combinations 
of stimuli of different relative luminances. Analysis of the 
last type of data is used to compute the weighting factors 
for the differently coloured stimuli in the dichoptic combi­
nation. 
Apparatus. 
In Fig. 1 a diagram of the optical equipment is presen­
ted. Tungsten filament lamps, the current of which can be 
controlled, are used as lightsources. Small band interference 
filters (Schott, type IL) provide monochromatic beams. The 
left and right test beams of wavelengths λ· and λ· pass 
through compensated circular neutral density wedges, which 
can be controled manually at the observer's position. The test 
beams are reflected in beamsplitter prisms Ρ and Ρ and 
ι 2 
pass through the test targets Τ and Τ . The targets are 
ι 2 
seen in Maxwellian view through 2 mm circular artificial pu­
pils. The system of mirrors, m , m , m , and m can be adjus-
1 2 3 Ц 
ted for each subject in order to accomodate the optical system 
to the subject's eye distance. 
The comparison stimulus consists of two components identi­
cal in wavelength to the test stimuli, or chosen as compie-
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mentaries to form a white stimulus. This choice depends upon 
the particular experiment. The two beams are combined in Ρ 
and pass through wedge W before being split into two iden­
tical beams which pass through Ρ and Ρ and subsequently 
ι 2 
follow the same path as the test beams do. These optical path­
ways can simply be altered such that test beams and comparison 
beams are presented above each other, as ia necessary in simul­
taneous comparisons. 
Electromagnetic shutters S , S and S are placed in the 
ι 2 с 
three beams. The targets are made of door-plate material, 
araldite. The white ring, obtained by milling the upper black 
layer away, leaving the lower white layer intact, is illumi­
nated from the front side by a 50 W halogene lamp, the inten­
sity of which can be controlled. 
Luminances of test and comparison components are always 
adjusted by each subject individually by means of a flicker-
photometric comparison against a constant white patch of 
light, which is projected on a flicker vane. The system of 
flicker vane and calibration light can be moved from the left 
to the right eye position. The luminance level is chosen at 
300 trolands. We prefer this method of luminance adjustment, 
because of the fact that luminance, determined in this way 
corresponds to the C.I.E. luminance definition. 
Subj ects• 
One or both of two subjects, S and W, having normal vision 
and normal colour vision, participated in all experiments to 
be reported. Both observers also served in dichoptic colour 
mixing experiments, which revealed the absence of strong eye 
dominance factors. 
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EXPERIMENT 1. Equibrightness measurements. 
General procedure. A binocularly presented comparison stimulus 
of constant luminance is alternated in time with a dichoptic 
pair of test stimuli. The luminance of one of the test stimuli 
is set at different luminance values» and the subject's task is 
to adjust the luminance of the other test stimulus in such a 
way that a brightness match occurs between the dichoptic pair 
and the comparison pair. This method of measurement has been 
succesfully used by Levelt (1965) for white light combinations, 
Experimental conditions; 
Test stimuli. For the left eye-right eye test stimuli the pairs 
554-627, 627-554, 521-584, 521-521, 584-554, 554-584 and 627-627 
nm were chosen. 
Comparison stimuli. The comparison stimulus consisted of two 
components, 609 and 493 nm, mixed in such proportions as to 
give a white. The luminance of the constant comparison stimulus 
correspond to a retinal illumination of 300 trolands. For the 
521-521 nm pair and for the 627-627 nm pair we used 521 nm and 
627 nm respectively as comparison wavelengths, in order to see 
whether it was more the dichoptic combination process than the 
heterochromatic character of the matches, which caused the 
uncertainty in the measurements. The choice of a whitish 
comparison stimulus may not seem directly obvious. Several 
reasons, however, can be adduced for the choice of a comparison 
stimulus of some constant spectral composition. The main reason 
lies in the lack of additivity of luminances for differently 
coloured lights, as has been convincingly shown by Guth (1969). 
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If we would take the same wavelength components for the test-
ane! the comparison stimuli, just as we did in a study on 
dichoptic colour mixing, the brightness impression of the 
binocularly presented monoptic mixture would be dependent 
upon the ratio of the comparison components. Also, there is 
an additional problem. If full brightness and colour matches 
must be made, the subjects have to make two adjustments at 
a time, which turns out to be rather difficult. 
Presentation time. Test stimuli were presented for 500 msec, 
followed by a 500 msec, pause, after which the comparison 
stimulus was presented for 500 msec. This cycle was repeated 
after another 500 msec. During the pause the stimuli kept 
fused by the steadily illuminated surrounding ring of low 
luminance. 
Experimental procedure. Left and right eye test stimuli were 
equated in luminance against a constant calibration light by 
way of the CCFF method. For the wedges in left and right test 
channels, the positions for a number of relative luminance 
values were determined, varying from 0.1 tot 2 times the 
orginally calibrated luminance value, which we call the "1" 
value. After making both test stimuli equal in flicker 
luminance to the standard, the luminance of the comparison 
stimulus was adjusted such as to obtain a heterochromatic 
brightness match to the (1,1) stimulus. (1,1) means: "1" 
stimuli in left and right eye. The determination of the 
equivalent white comparison luminance for the (1,1) stimulus 
must be performed with much care, because this value was then 
kept constant throughout the further experiment. 
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Fig.2 Equibrightness functions for a 
554-627 nm combination in left and right 
eye and for 627-554 rat. As a comparison 
stimulus a white light of constant bright­
ness was used. 
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Fig.3 Equibrightness functions for 554-
584 nm and 584-554 nm stimulus combinations 
in left and right eye. A white comparison 
stimulus of constant brightness was used. 
Fig.4 Equibrightness function for a 
521-584 nm combination in left and right eye 
respectively. As a comparison a white stimu­
lus of constant brightness was used. 
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After this calibration procedure, the luminance of the right 
eye test stimulus was brought at one of the predetermined 
levels and the subject's task was to adjust the left eye 
test luminance until a brightness match was reached between 
test and comparison. In general 4 to 5 stimulation cycles 
were necessary for a measurement. Each measurement was 
repeated at least 5 times. The order of measurements was 
randomly chosen. For a number of combinations the whole 
procedure was reversed in that the left eye test stimulus 
was fixed by the experimenter, and the right eye value was 
adjusted by the observer. 
Results. I" Figs. 2, 3, 4 and 5 the resulting equibrightness 
functions are given for subject W. Adjustment of the red 
(627nm) stimulus in the 554-627, and the 627-554 nm 
combinations turned out to be much more difficult than 
adjustment of the 554 nm one. The slopes of the 554-627 nm 
and the 627-554 nm equibrightness functions clearly deviate 
from -1, the value of the slope which would be expected if 
both eyes contributed equally to the dichoptic brightness 
impression. Much more intensity of the 627 nm stimulus is 
required to restore the brightness match when the 554 nm 
stimulus is halved in luminance than of the 554 nm one, 
when the 627 stimulus is halved. The slopes for the 521-584 nm, 
the 554-584, 521-521, and the 627-627 nm functions are 
about -l.The last two pairs were 'homochromatic' matches. 
Accuracy of these measurements does not differ so much from 
that in the heterochromatic matches. 
Fig. 5: see page 60. 
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Discussion. The results strongly resemble those obtained by 
Levelt (1965) for white light combinations. He described 
these equibrightness functions with a simple linear relation 
between left and right eye luminances, for the middle range 
of luminances. Deviations from linearity, occurring at low 
luminance values, were ascribed to threshold effects. We 
will not go into this point here, but only mention that a 
number of mathematical formulations can be found, which 
describe both the linear and the nonlinear parts of the 
equibrightness functions (Engel, 1967, 1969), MacLeod, (1972), 
De Weert & Levelt (1974)). 
For the case of differently coloured lights, however, 
we are faced with the problem of the effective value of the 
luminance for different λ. This issue will be dealt with in 
the next paragraph. 
Experiment 2. Calibration of flicker brightness on direct 
viewing brightness scales for stimuli of different colours. 
In a preceding paragraph we mentioned the importance of the 
accurate determination of the (1,1) combination for different 
wavelength stimuli in terms of luminance of the white 
comparison stimulus. Although we always started from 
equiluminous test stimuli, according to the CCFF procedure, 
the (1,1) coloured combinations did not match in brightness 
with a white comparison stimulus, which was also flickered 
against the same standard. This is due to the fact that for 
unequally coloured lights, equality in flicker-defined 
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luminance does not lead to equality in brightness, when 
judged in a non-flicker condition. 
Only if luminance is defined in this special way or in the 
way as proposed by Boynton & Kaiser (1968), where equality 
in luminance is reached when the contour between two adjacent 
fields is minimally discernable, the classic Abney's law is 
valid. As it makes no sense to use either a dichoptic 
minimally discernable border method, or a dichoptic flicker 
method, we will have to determine the equivalence of all 
(1,1) combinations in terms of the luminance value of the 
white comparisons stimulus, before we can compute the 
weighting factors in the equibrightness functions. This 
will be done in the next experiment. 
Experiment 2.1: Measurement of (1,1) combinations in terms 
of equivalent white luminances. 
In this experiment the luminances of the white comparison 
stimulus were determined, necessary to match the (1,1) 
combination for a number of pairs of different wavelengths. 
Experimental procedure. All test stimuli were equated in 
luminance against the constant, 300 troland, calibration 
light, by CCFF, before the beginning of the experimental 
session. The following set of filters was used: 475, 498, 
521, 554, 584, 594 and 627 nm. 
The test stimuli were presented for 500 msec, followed by 
the white comparison stimulus for 500 msec, after a 500 msec 
pause. Subjects were supposed to turn the wedge (W ) of the 
comparison stimulus such as to obtain an equality in 
brightness. The order of the (λ., λ.) combinations to be 
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Table 1 : Luminance values of a white comparison 
stimulus,necessary to match the brightness im­
pression of a dichoptic mixture of equally lumi­
nous amounts of λ. and λ. stimuli in left and 
right eye respectively. The upper number in a 
cell represents the mean value of series,measured 
at different days. The number between brackets 
indicates the number of series. The middle number 
gives the mean value of the standard deviations 
of the separate series. The lower number repre­
sents the standard deviation for the mean of the 
different series. All values are normalized with 
respect to the 584-584 mn value. 
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Table 2 : See legend of Table 1, Subject S. 
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measured was completely randomized. Each combination was 
measured 6 times. 
Subj ects. Two subjects, S and W served in this series. 
Results. Tables 1 and 2 represent the data as obtained in 
several sessions. We made a number of repetitions because 
of the strongly felt uncertainty of this kind of brightness 
matching. This felt uncertainty is usually not reflected in 
the data within one series. An explanation for this might 
be that subjects have problems in finding a criterion, but 
once the criterion is accepted, they are able to maintain 
it. The between series variability is large. In the Tables 
we indicate the mean values of different series, measured 
at different days, the mean standard deviation within series, 
and the standard deviation of the mean of the different 
series. The number between brackets indicates the number of 
series for each cell. In a number of cases, the between-
series variability is larger than the within series 
variability. This difference diminished for both subjects, 
with increase in experience, but it still remains an 
important disadvantage of the method of heterochromatic 
matching. 
It is obvious here that very strong deviations from 
'equibrightness' occur. Especially estimations in the 
bluish region are very high, amounting to about three times 
the value of a yellow stimulus of equal flicker luminance. 
What seems to be interesting to us in these results is the 
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facC Chat for a number of off-diagonal elements, the 
equivalent white luminance is lower than for either of the 
corresponding diagonal elements. 
This effect looks like the monoptic effect as found by Guth 
in his studies on luminance additivity (1969). How far this 
inhibitory effect is real, strongly depends upon the 
reliability of the brightness determination of the diagonal 
elements, which especially in the reddish region is not very 
high. 
Although there seem to be strong indications for unequal 
contributions of the two components for a number of wave-
length pairs to the dichoptic brightness impression, the 
relative contributions still cannot be derived from these 
(1,1) measurements only. 
We therefore decided to introduce a variant on the earlier 
presented equibrightness measurements, by setting the test 
luminances fixed at several values and varying the comparison 
luminance until a brightness match occurs. 
Experiment 2.2. Dichoptic combinations of differently 
coloured stimuli of unequal luminance, measured in terms of 
a variable white comparison stimulus. 
Experimental procedure. Luminance settings of the test 
stimuli were varied in steps, indicated by the relative 
values 0.25; 0.50; 1.00; 1.50; and 2.00, with 1.00 correspon-
ding to a 300 troland level of retinal illumination. 
As test stimuli we used the 554-627, 584-627, and the 
521-594 nm combinations. Test and comparison stimuli were 
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Fig.5 Equibrightness functions for 521-521 nm and for 627-627 nm 
stimuli in left and right eye respectively. The colour of the com­
parison stimuli was the same as that of the test stimuli. 
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Fig.(ι Luminance values of a binocularly presented white comparison 
stimulus»necessary to match the brightness impression of dichoptic 
combinations of different amounts of A. and A. stimuli in left and 
right eye. Lines through open symbols represent the growth of the 
comparison luminance with growing intensity of the right eye stimulus, 
at fixed levels of the left eye stimulus. Lines through closed symbols 
represent the binocular comparison luminance as a function of the left 
eye luminance at fixed levels of the right eye stimulus. 
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presented alternately, each during 500 msec, just as in the 
preceding experiments. Subjects were asked to turn the 
wedge of the white comparison stimulus such as to obtain a 
subjective equality in brightness. 
Results and discussion. In Fig. 6 cross-sections are 
drawn, representing the binocular brightness as a function 
of left (right) test field luminance at fixed values or the 
right (left) test field luminances. Differences in slopes 
for the two types of cross-sections for the 554-627 nm 
and the 584-627 nm pairs point to a lower contribution of 
the 627 nm test stimulus to the binocular brightness impres­
sion than of the 554 nm and 584 nm stimuli respectively. 
For the 521-594 nm pair the slopes are about equal. 
These findings correspond to the earlier findings in the 
equibrightness experiments. It was much easier, however, 
to adjust the comparison stimulus, than to adjust the test 
stimulus such as to obtain a brightness match. 
As long as we restrict the measurements to a small range of 
luminances around the (1,1) point, we can describe the 
results with linaer functions. Therefore we decided to 
restrict the number of luminance levels in the next 
experiment, in which a larger number of wavelength combi­
nations was measured. These measurements will be used to 
compute the weighting factors for brightness as a function 
of the specific (λ., λ.) combination. 
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Experiment 2,3. (1,1), (lf¿) and (i,l) measurements. 
In the preceding 500 msec test-500 msec comparison 
measurements, there might have been an influence of the 
test stimulus upon the comparison luminance. In order to 
improve the independency of the comparison brightness values, 
we decided to lengthen the duration of the comparison stimulus 
to 3 seconds. One more reason to do this is that we would like 
to prevent strong colour adaptation effects in the test stimuli. 
A relatively long white comparison stimulus might at least 
partly restore the neutral adaption, and furthermore bring 
the binocular system into equilibrium again. 
Stimulus range. For subject W all combinations from the 
following series were measured: 498, 521, 554, 584, 594, 627 
nm. For subject S 498 nm was left out. 
Experimental procedure. The same white (609 + 493 nm) 
comparison stimulus was used, be it that it was presented for 
3 seconds now. The pause between the 500 msec presentation of 
the tests and the 3 sec presentation of the comparison 
stimulus was reduced to 30 msec. For each pair of test stimuli 
three different matches were made, a) The (1,1) pair was 
measured again, because of the altered presentation times. 
b) The (l,i) combination was matched, the right eye test field 
being halved in luminance, c) The (1,1) combination was 
measured with the left eye test field halved in luminance. 
Each measurement was repeated at least 10 times. The order 
of measurements of the different wavelength combinations was 
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1 . 0 4 · .14 
. 7 6 · . 0 · 
. S i t .00 
1 . 1 2 · .14 
1 . 0 2 · .12 
. J O · .12 
. 9 0 « .16 
. 9 1 · .20 
.70 t . И 
1 . 3 0 1 .26 
1 . 0 0 · .20 
.90 ι .10 
1.64 · .26 
1 . 1 0 · .32 
1 . 2 2 · .26 
Table 3 : Subject S. Luminance values of a white 
comparison stimulus,necessary to match the dichop-
tic brightness impressions for three conditions 
of the λ. and λ · stimulus luminances in left and 
right eye. 
(1,1): Luminances in both eyes equal to the stan­
dard (upper). 
(I,J): right eye stimulus halved in luminance 
(middle) 
(J,l): left eye stimulus halved in luminance 
(lower) 
Right .y« 
1 . » · 
1 . 1 2 · 
1 . 1 0 · 
1 . 2 7 1 
1.06 1 
. 9 2 · 
1 . 1 0 1 
1.00 1 
1 . 0 4 · 
1 . 2 · · 
l .Of 1 
1 . 1 1 · 
1 . 1 1 · 
.··· 1 2 0 · 
. 0 6 ( 1 . 5 7 ) 
.06 
. 1 1 
. 0 0 ( 1 . 2 4 1 
.06 
.06 
. 0 3 1 1 . 1 5 ) 
.07 
.09 
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.00 
. 0 · 
. 1 6 ( 1 . 1 5 ) 
. 0 1 
.07 
1 . 4 0 · 
1.01 • 
1.00 · 
1 . 2 6 · 
.92 · 
. 9 6 · 
1 . 0 4 · 
. 9 1 1 
. 0 7 · 
. 9 7 · 
.05 · 
. 0 7 · 
1.09 1 
.74 1 
.79 1 
.··· 
. 9 4 · 
. • 5 · 
. 1 0 ( 1 . 4 9 ) 
.07 
.07 
. 0 6 ( 1 . » ) 
.06 
.07 
. 0 3 ( 1 . 1 · ) 
.06 
.07 
. 1 0 ( 1 . 1 2 ) 
. 0 1 
.06 
. 1 1 ( 1 . 1 · ) 
.04 
.07 
. 0 1 ( 1 . 1 6 ) 
.03 
.00 
1.31 · 
1.14 · 
1 . 0 0 · 
1.07 1 
. 1 1 ( 1 . 2 2 ) 
.04 
.07 
. 0 9 ( 1 . 1 6 ) 
.02 
.00 
. 0 7 ( 1 . 0 0 ) 
.02 
.06 
. 0 2 ( 1 . 0 3 1 
.03 
.04 
. 0 5 ( 1 . 0 6 ) 
.03 
.06 
. 0 7 ( .93) 
.02 
. 0 1 
1 . 1 4 · 
. 9 7 · 
.90 1 
1.01 · 
. 0 5 · 
. 9 1 · 
. 9 9 · 
.70 · 
.77 · 
1.00 1 
. 7 4 · 
. 7 4 « 
. 9 2 · 
. 7 1 « 
. 0 2 · 
. • 9 · 
. 5 5 · 
. • 4 · 
. 0 9 ( 1 . 1 » ) 
. 1 0 
.05 
. 0 5 ( 1 . 1 4 ) 
.04 
.06 
. 0 9 1 1 . 0 4 ) 
.03 
.03 
. 0 7 ( 1 . 0 0 ) 
.03 
.04 
. 0 1 ( 1 . 0 4 ) 
.03 
. 0 1 
. 0 5 ( .99) 
.02 
.04 
1 . 1 1 · 
. 9 3 · 
1 . 1 6 · 
1 . 1 7 1 
. 9 7 · 
. 0 6 · 
. 0 6 · 
. 7 3 « 
. 7 1 · 
1.10« 
. 0 6 · 
. 9 0 · 
. 9 6 · 
. 6 0 · 
. 0 6 · 
. 1 2 ( 1 . 4 2 ) 
.05 
.04 
. 0 7 ( 1 . 2 2 ) 
.07 
.06 
.071 .99) 
.02 
.05 
.ood.ii) 
.02 
.04 
. 0 6 ( 1 . 0 9 ) 
.10 
.06 
1 . 1 6 · 
. 9 1 · 
. ( 0 · 
. 9 2 · 
. I K 
. 6 1 · 
. 0 · · 
. 7 · · 
. 9 3 · 
. 0 9 · 
. 7 · · 
. 5 4 · 
. 9 1 · 
. 1 1 · 
. 7 0 · 
1 . 1 1 · 
. » 7 · 
. 9 · · 
. 0 7 ( 1 . 1 » ) 
. 0 1 
.07 
.06 ( . 9 3 ) 
.07 
.04 
. 0 1 1 . 9 · ) 
.02 
.04 
. 0 9 1 . · · ) 
. 0 ] 
.04 
. 0 5 ( 1 . 1 1 ) 
.07 
.07 
. 1 1 ( 1 . 1 5 
.06 
. 0 1 
Table 4 : Subject W. See legend of Table 3. 
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randomized. For a number of wavelength pairs we also measured 
these combinations in a 500 msec (test)/30 msec ^^ause)/500 
msec (comparison) condition, to see whether lengthening of 
the comparison stimulus had any effect. 
Results. In Tables 3 and 4 the results are given for subjects 
S and W respectively. For W the (1,1) measurements were 
repeated after one week. These values are placed between 
brackets in the Tables. A clear asymmetry can be seen in the 
(1,1) and (i,l) values in a number of off-diagonal elements. 
This effect was equally obvious in the 500/500 msec condition 
as in the 500/3000 msec condition. 
That no strong eye dominance effects occur for these two 
subjects can be seen in the diagonal elements, which show 
about equal values for the (l,i) and the (i,l) combinations. 
Analysis and discussion. In both the equibrightness experiments 
and the experiments with variable comparison luminances, strong 
wavelength dependent effects are found. The difference in slope 
for the red-green and green-green or red-red combinations and 
the asymmetries in the (1»|) and (i,l) combinations can not be 
ascribed to structural eye dominance factors, although these 
may play their part as well. The diagonal values in Tables 3 
and 4 most truly indicate possible eye dominance effects. 
In order to compute the weighting factors for the two eyes 
in any (λ., λ.) combination we will make use of Levelt's 
3
 ι J 
"energy-averaging" rule, which states that, for a limited 
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range of luminances, the dichoptic brightness combination 
process can be described as if luminance values of left and 
right eye stimuli are averaged. The validity of this rule 
has been confirmed in a number of studies, for combinations 
of equally coloured lights (Engel, 1967, 1969), De Weert and 
Levelt (1974). According to this theory, the weighting fac-
tors, which add up to unity, are largerly independent of 
the luminance values per sé, but are mainly determined by 
the relative richness of contours and contrasts in the two 
s timuli. 
Let L (λ.)» indicate the "equivalent white luminance" for 
the "1" amount of stimulus λ. and let L. (i, j), L- (i, j) 
and L 3 (i, j) be the measured white luminance for the (1,1), 
(l,i) and (i,l) combinations respectively of a (λ., λ.) 
stimulus combination in the left and right eye. Application 
of the luminance averaging rule, now applied to equivalent 
luminances, leads to three equations for each triple of 
(λ., λ.) measurements: v
 ι ' j 
a) WL L (Xi) + W R L (Xj) - Lj (i, j) 
b) WL L (Xi) + i WR L (Xj) - L 2 (i, j) 
c) iWL (λ.) + WR L (Xj) - L3 (i, j) 
Actually L. (i, j), L_ (i, j) and L_ (i, j) should be read 
as: W¿ L (i, j) + W¿ L (i, j) - (W¿ + W¿) L (i, j) - L (i, j) 
because the sum of the weighting factorsis assumed to be 
unity for the white comparison stimuli. From a), b) and c) 
a simple relation can be derived, which relates the three 
L (i, j) values: 3L] (i, j) - 2 ((L2 (i, j) + L3 (i, j)). 
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Table 5 : Weighting coefficients for left and right eye contri­
butions to the dichoptic brightness impression for combinations 
of stimuli of different wavelengths in the two eyes. Left and 
right number in each cell stand for W1 and W respectively. 
λ
ι
< xi 
* ! > X) 
W 
r
2
-
r
2
-
. 8 9 34 
. 7 8 1 4 
( n - 1 4 ) 
( n - 1 4 ) 
s 
r
2
-
r
2
-
. 5 6 1 3 ( n - 1 0 ) 
. 5 9 4 4 ( n - 1 0 ) 
Table 6 : Squared values of the product moment correlations 
between c' (λ. Э/с' (λ.) and Л Х . ) / w(X.) values for λ.< λ. 
·? . J 1 J 
and for λ.> λ. combinations in left and right eye. 
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Although this condition of internal consistency is not com­
pletely fulfilled for all combination, deviations are not 
severe enough to reject this description. The equivalent 
luminance L (λ.) for a unit amount of a λ stimulus can be 
J
 j 
derived from the (1,1) measurements of the diagonal (λ., λ.) 
combinations. 
The weighting factors were computed from the equations a), 
b) and c) according to a least square procedure. It is 
simple to derive that the optimal values of the WT (λ.) and 
W (λ.) factors are given by: 
w L (λ.) 
and 
WR (λ.) 
L, (i, j) + 5 L 2 (i, j) - 3.5 L 3 (i, j) 
4.25 L (Xi) 
Lj (i, j) + 5 L 3 (i, j) - 3.5 L 2 (i, j) 
4.25 L (λ.) 
In Table 5 the matrices of WT and WD values, corresponding to 
the (λ., λ.) measurements are represented. For a number of 
ι j 
(λ., λ.) pairs the sum of the weighting factors turns out to 
be less than unity. This inhibitory effect can also be 
observed in the (1,1) measurements of experiment 2.1, 
where some off-diagonal elements turned out to be smaller 
than either of the corresponding diagonal elements. We must 
be careful however in the interpretation of this effect, 
because it is not equally obvious for both observers. The 
measure which is of most interest, however, is the ratio of 
the WT and W„ values for the different (λ., λ.) combinations, L R ι j 
because in an earlier experiment on dichoptic colour mixing 
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Fig. 7 Ratio of the weighting coefficients for left and right eye 
contributions to the dichoptic brightness impression,for combinations 
of stimuli of different wavelength in the two eyes. Along the absciss 
λ- values are represented. Symbols indicate the Xj values 
Fig.8 See legend of Fig. 7. 
Fig.9 Chromatic dominance functions,indicating the ratio of λ. and 
λ. components in a normal mixture,necessary to match the colour im­
pression of a dichoptic mixture of equally luminous amounts of λ. 
and λ. stimuli,presented to the left and the right eye respectively. 
Fig.10 See legend of Fig. 9. 
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(de Weert and Levelt, 1976) a remarkable colour dominance 
effect was found for the middle wavelength stimuli in 
dichoptic mixtures with stimuli of lower or higher wavelength. 
A function c' (λ) was determined such that the colour 
dominance in a (λ.» λ.) mixture could be described as c' 
ι j 
Qi) /c'Uj). 
In Figures 9 and 10 these c' (λ·) / с' (λ.) functions 
are shown. The resemblance to the W (λ.) / W (λ.) functions, 
L 1 К J 
which are drawn in Figures 7 and 8, is clear, despite the 
noiseness of the brightness data. Table 6 contains the 
squared values of the product moment correlations between the 
c' (λ.) / с' (λ.) values, as obtained from dichoptic colour 
mixing experiments and the WT (λ.) : WD (λ·) values as 
Li Χ К J 
computed for the brightness combination experiment. There is 
an obvious relation between the dichoptic brightness and 
colour dominance factors. 
Up till now we didn't find any indication for the summative 
effect as reported by Thomas et al (1961), we rather found 
evidence to the contrary. We cannot, however, deny the exis­
tence of a kind of summation effect as found by Thomas 
et al because this effect was measured under somewhat 
different conditions, i.e. full colour and brightness 
matches were made, using the same colour components in test 
and comparison. It could be the case that non-additivity 
effects as described by Guth (1969, 1973) have a greater 
impact in the comparison stimuli (where the colour compo­
nents are mixed monocularly) than in the dichoptic combi-
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nation. If so, however, we would not expect a constant 
summation factor, independent of the wavelength, as was 
reported by Thomas et al. 
In conclusion it seems that there exist a strong relatedness 
between colour and brightness channels in dichoptic combina­
tion. For both, the effectiveness of a stimulus in dichoptic 
combinations is strongly wavelength dependent, the general 
rule being that the middle wavelenght stimuli are more 
effective than both lower and higher wavelength. The expla­
nation for this finding is not obvious. The relation between 
the c' (λ.) / с' (λ.) and the W (Xi) / W (λ.) is the 
more striking where the c' (λ.) / с* (λ.) functions were ob­
tained from dichoptic mixtures of equiluminous spectral test 
stimuli, whereas the W (λ.) / W (λ.) values were obtained from 
measurements in which luminance values were varied. Luminance, 
or brightness values per sé are not the determinants of the 
stimulus dominance factors,at least not in our experimental 
conditions. A number of other experiments are necessary in 
order to find out which (common) aspect of the stimuli in a 
dichoptic mixture must be thought to be responsible for this 
wavelength dependent stimulus dominance behaviour. 
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Chapter A. Full brightness and colour matches. 
In the preceding chapter we noted that full summation, as found 
by Thomas et al. (1961) for stimuli of unequal colour, cannot 
be denied by us since our experimental procedure and theirs 
were different. The main difference lies in the fact that their 
comparison stimuli consisted of a binocularly presented mixture 
of the same wavelength components as used in the tests, whereas 
we used a binocularly presented stimulus of constant spectral 
composition to match the dichoptic brightness impression. This 
difference, taken alone, could account for the summation found 
by them, assuming that luminance nonadditivity (and especially 
subadditivity) occurs primarily in the pathways before the site 
of binocular convergence. If, however, this were the cause of 
summation, we would not expect the amount of summation to be 
constant for different wavelength combinations. 
A second difference between their and our brightness experiments 
concerns the illumination of the surrounding field. Thomas et al. 
presented their stimuli on a white surround, brighter than the 
test fields, whereas in our experiments the test stimuli were 
presented on backgrounds, much darker than the test fields. 
In the section below a description will be given of an attempt 
to test the subadditivity hypothesis. The second section deals 
with the influence of a white surround upon the dichoptic bright-
ness and colour combination behaviour. 
4.1. The subadditivity hypothesis. 
The subadditivity hypothesis derives from a series of studies 
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by Guth et al. (1967, 1969, J973) on luminance definition and 
luminance combination rules for stimuli of different wavelengths. 
Only a short exposition of their ideas will be given here. 
According to Guth et al. the concept of luminance, as measured 
in the most usual way, i.e. by the flickerphotometric procedure, 
only represents a measure for the achromatic activity in the 
visual message, since the slower chromatic signals are partialled 
out. For non-flicker conditions, a new concept should be used, 
which is related to the cff luminance value and to the strength 
2 2 2 4 
of the chromatic signals as: L' = (A + Τ + D ) 2 . Here A 
corresponds to the cff luminance value (L), Τ stands for the 
activity in the red-green channel and D stands for the activity 
in the yellow-blue channel. A, Τ and D are proportional to 
radiance values, so that for spectral stimuli a linear relation 
exists between L and L'; 1"',= kL,, where L' is vector luminance. 
For L the fundamental photometric law of additivity is valid, for 
L' it generally is not. The rule for combining L' (λ.) and L'CX.) 
is proposed to be: 
L'. . = (L'. 2 + L' . + гі/.І/. созф i,j) , in which cosil· . . 
values are dependent on the particular wavelength combination. 
Cosip values smaller than 1 are assumed to be due to cancellation 
within colour channels. Guth et al. presented extensive data on 
both the L', values and the cosij; values. 
In the present section we intend to study whether summation 
effects, found in various dichoptic colour combinations, can be 
understood in terms of the just mentioned nonadditivi ties in 
the monocular channels. 
The hypothesis tested by us rests upon the following working 
assumption. The dichoptic brightness combination process can, 
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for a limited range of differences in intensities, be conceived 
of aa an averaging of vector luminances, i.e. as an "energy 
averaging" process (Levelt, 1965). 
If the subadditivity hypothesis is valid, we shall expect a 
certain degree of summation for dichoptic combination of stimuli 
of different wavelengths, if these combinations are matched with 
a binocularly presented normal mixture of the same wavelength 
components. 
An example may clarify this statement. Let us assume here for 
simplicity, that a dichoptic mixture of unit luminance amounts 
of a 520 nm stimulus and a 620 nm stimulus can be matched in 
colour with a (1:1) mixture of the same components in a normal 
mixture. How much of the two components is needed in the (bino­
cularly presented) normal mixture in order that it may match the 
dichoptic mixture in brightness? According to the vector summa­
tion rule, the luminance value in each of the monocular channels 
(L' ) is given by: 
L ,
m -
 ( L ,520 + L ,620 + 2 L ,520 L ,620 C O S * >*· L e t U S t a k e ^520 " 
L',-- • 1, and созф "-.50 (the latter value is taken from Guth 
et al. (1973)), then L' - 1, whereas additive combinations 
would have resulted in L = 2. 
If we now take the working assumption to be valid for equally 
coloured lights as well as for unequally coloured lights, then 
we do indeed find an apparent 100% summation for the test 
stimuli. 
This was a rigorous simplification, which might apply if normal 
and dichoptic colour mixtures behaved identically. Unfortunately, 
monocular and dichoptic colour mixtures do not in general give 
rise to equal colour impressions. At least they have not done so 
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in our experiments thus far. Optimal colour matches for dichop-
tic mixtures of equally luminous amounts of stimuli of different 
wavelength were seldom reached with normal mixtures of the 
same components in a 1 to 1 ratio. For red-green mixtures these 
ratios strongly deviated from 1:1. For a typical value of 5:1 
for the ratio of green to red, necessary to match the chromatic 
impression of a dichoptic mixture of unit luminance amounts 
('(l,!)' in short notation), the amount of summation, predicted 
by the subadditivity hypothesis, would be strongly reduced. In 
2 2 i 
order to obtain L' = 1, i.e. ((5x) + χ + 2x. 5x. cosip) z = 1, 
m 
χ must be .22 and 5x • 1.10. The sum of the red and green 
component luminances would thus amount to 1.32. Therefore an 
apparent summation of 32% should be found. 
The following experiment was aimed to test the subadditivity 
hypothesis. A precise exposition of the different experimental 
determinations and computational assumptions will be given first, 
The working assumption can be written as: 
W l ( X i ) L , X . + Wr ( V L ,X.- Wcl L , m ^'І) + Wcr L , m < ^ > ' w i t h 
w , + w = 1 . 
cl cr 
The test of the subadditivity hypothesis then consists of de­
termining whether it is also true in all cases that w. (λ.) + 
w (λ.) = 1. 
r j ' 
In order to perform this test a number of quantities must be 
known: 
1) We must know the L'^ values, or at least the proportion­
ality relation between L^ and L',. This is necessary because the 
stimulus luminances in our experiments are always determined 
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according to the cff method. Fortunately, in the case of subject 
W this relation could be ascertained from a repeated series of he-
tetoehromatic.brightness· matchings of unit cff luminances with 
a white comparison stimulus. These data are given in Table 1. 
They do not differ essentially from data in the literature. 
2) We have to know the cosiK . values. We did not perform 
this laborious work ourselves; instead we made use of the data 
as presented by Guth et al. (1973). Table 2 gives the εοβψ. . 
1
 » J 
values as averages over the results of their 3 observers. 
3) In order to be abiti to compute the L' (i,j) values, we 
must know the amounts of L '-, and L', , needed in the comparison 
i J 
stimulus. These values are determined in the experiment. 
With 1), 2) and 3) we can compute the right-hand side of the 
equation given above for each dichoptic (L' ., L'..) combination. 
ΑΙ Λ J 
4) The actual test of the subadditivity hypothesis lies in 
the determination of the w. (λ.) and w (λ.) values, which should 
1 ι r j ' 
summate to 1. These w., w values can be determined by measuring 
at least two different (L', , L' ) combinations for each 
i j 
(λ., λ.) pair. In the actual experiment we measured three pairs 
of luminance combinations: (1,1) stands for equal luminance 
values in left and right eye, (l,i) and (J,l) stand for those 
conditions in which the right eye stimulus and the left eye 
stimulus are halved in luminance respectively. 
According to the linear combination rule these measurements yield 
three linear equations. By means of a least squares procedure 
the V, (λ.) and w (λ.) values are determined. 1 ι r j 
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Table 1 : К values, in the relation L' = K,L, , in which L, 
values are luminance values determined according to 
the flicker photometric procedure. 
κ
λ 
498 
1 .45 
521 
1.25 
554 
1 .00 
584 
.87 
594 
.97 
627 nm 
1 . 10 
Table 2; Созф. . values, derived from the data of Guth (1973) 
494 
521 
553 
583 
593 
623 
494 
1 
521 
.62±.17 
1 
553 
.71±.19 
.71±. 16 
1 
583 
.12±.29 
.23±.26 
.32±. 19 
1 
593 
-.28±.18 
-.26±.28 
-.06±.23 
.86±.13 
1 
623 
-.46±.18 
-.52± .24 
.21±.23 
.78±. 14 
.81±.27 
1 
Experiment 1. Full brightness and colour matches for stimuli 
presented on a dark background. 
Apparatus. The optical equipment was the same as that used in 
the 'white comparison' experiment (Chapter 3). It was only 
modified such that test and comparison stimuli were presented 
in different parts of the field. The stimulus configuration was 
that used in Chapter 2. The intensities of the monochromatic 
comparison components which were produced by interference filters 
identical to those used for the test fields could be controlled 
by two neutral density wedges. 
Stimuli• The following pairs of test stimuli were measured in 
both right-left and left-right eye position: 498-521, 498-554, 
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498-584, 498-627, 521-584, 521-627 and 554-627.The retinal 
illumination of the (1,1) pairs was 3Q0 troland. The illumina­
tion of the surrounding ring, which was weakly illuminated to 
enable fusion was less than 5 troland. 
Mode of presentation. Test and comparison stimuli were presented 
alternatingly, each for 500 msec, with a 500 msec pause between 
them. Alternating presentation was used in order to minimize 
interactions between comparison and test stimuli. 
The subject was required to control the intensities of the two 
comparison components such that'a colour match as well as 
brightness match was reached. Each of the three luminance pairs 
was measured 10 times. The three conditions were presented rand­
omly . 
Subj ects. Two subjects, К and W, were to take part in this ex­
periment. Although W, for whom the whole series was carried out 
first, did not experience too many problems in attaining a match, 
it turned out that the procedure was too difficult for the non-
experienced observer, K. This difficulty was especially due to 
the double wedge control task. As soon as the colour match was 
attained more or less satisfactorily, the subject tried also 
to make the brightness match but this invariably led to a dis­
turbance of the colour match. Furthermore, the alternating pre­
sentation was experienced as an extra loading factor. A change 
in experimental procedure seemed indicated. We return to it pre­
sently . 
We still present the results for one subject only, because these 
indicate an effect we did not expect from the preceding 'white 
comparison' experiment. 
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498 
521 
554 
584 
627 
498 
1 18 . 
.76 . 
75 . 
1.27 • 
75
 1 
» 1 
1 33 i 
78 · 
87 . 
99 . 
66 · 
83 . 
»J 
09 
06 
06 
IO 
04 
03 
15 
04 
10 
10 
.06 
10 
im r i g h t e r · i t N a i l l 
521 
I 08 · 06 
.70 · 06 
70 · 09 
I 33 · 16 
80 . 07 
89 · 04 
1 52 • 13 
I 00 . 11 
1 18 · 10 
554 
1 22 · 10 
80 · 07 
87 · 07 
1 04 . 05 
76 · 12 
76 I 03 
584 
1 48 · 
94 • 
88 · 
1 26 · 
1 02 · 
98 · 
23 
08 
05 
11 
07 
14 
627 
99 · 10 
71 • 05 
60 · 05 
1 45 . 10 
1 18 · 13 
95 • 09 
1 1 3 . 08 
85 « 03 
90 · П4 
Table 3a. The upper number in each cell represents 
the(monocular) sum of the luminance values of the 
λ. and λ. comparison components,necessary to match 
a binocular combination of λ. and λ. test stimuli 
of unit luminance(1,1). The middle number repre­
sents the same quantity for the (1,0 combination 
in which the right eye stimulus is halved in lumi­
nance. The lower number gives the comparison lumi­
nance for the (¿,1) combination. 
XJ nm r i g h t eye s t i m u l i 
498 
521 
554 
584 
627 
498 
2 04 ^ 41 
2 95 . 35 
1 43 · 22 
2 27 . 52 
3 45 · 44 
1 09 2, 13 
1 1 1 ^ 12 
1 32 · 12 
94 . 08 
20 · 03 
26 · 05 
22 · 02 
521 
45 . 05 
66 . 06 
44 . 05 
1 32 · 12 
1 26 · 06 
1 03 · 07 
21 2 0 2 
20 . 03 
17 » 01 
554 
32 · 03 
49 2 07 
31 . 03 
17 2. 02 
16 ». "2 
11 2. 02 
584 
65 > 06 
91 · 08 
66 . 04 
80 . 07 
88 · 03 
90 . 05 
627 
4 5 · 70 
4 5 . 40 
3 6 . 30 
5 0 . 70 
5 4 . 30 
4 3 « 40 
Ì 7 . 45 
В 2 · 60 
6 7 2 80 
Table 3b : Upper, middle and lower number in each 
cell represent the ratio (R) of the luminance 
values of the λ. and λ. comparison components 
necessaiy to match the colour of the (1,1), 
(1,J) and (i,I) binocular λ.,λ. combination. 
Right eye stimulι nm 
496 
521 
554 
5Θ4 
627 
498 
.53 
.44 
.44 
.46 
.45 
.46 
.30 
.53 
521 
.41 
.48 
.47 
.47 
.47 
.70 
" 5 5 4 
.50 
.55 
.37 
.47 
584 
.43 
.57 
.50 
.59 
627 
.46 
.32 
.73 
.42 
.47 
.47 
Table 4 : Weighting factors for the binocular 
brightness combinations. The upper number in 
each cell represents the weighting factor for 
the left eye stimulus,the lower number gives 
the weighting factor for the right eye stimu­
lus. 
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a b Results and diacussion. In Tablea 3 and 3 th.e aum (ΣΙ and the 
ratio (R) of the luminance (L,| values for the comparison compo­
nents, needed in order to make an optimal colour and brightness 
match to the dichoptic mixture products are given. We analysed 
these data according to the procedure described above. The w. 
(λ.) and w (λ.) values are given in Table 4. If the subadditi-
vity hypothesis does not hold, the (w. + w ) values (Ew) should 
be different from 1. The data, however, do not show a clear 
trend in this respect. The average Zw is .97, values ranging 
from .78 to 1.17. There is sufficient reason to delay conclusions 
until after the experimental procedure has been simplified 
(Experiment 2). 
We computed the correlation coefficient between the w./w values 
of the different pairs and the corresponding chromatic dominance 
values, indicated by R(1,1). The relation between these two sets 
of data, indicated by the squared value of the correlation 
2 
coefficient (r • .51) is weaker than that found in the 'white 
2 
comparison' experiment for the same subject, where r was .80 
approximately. A critical difference between the two experiments 
is the use of a white comparison stimulus in the one case and 
a coloured one in the other case. The former may have led to 
more saturated colours. This possibility was an extra stimulant 
for conducting the following experiment in which, apart from a 
simplified comparison procedure, an additional condition was 
introduced, namely one in which a white surrounding field is 
used. The expectation was that in that condition the correlation 
found earlier would reappear. 
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Experiment 2. Full brightness and colour matches between 
dichoptic and monocular mixtures of the same components. Influence 
of surround illumination. 
Apparatus. The equipment was changed such that the colour and 
brightness of the comparison stimuli could be controlled inde­
pendently. We therefore replaced the neutral density wedges in 
the comparison beams by two orthogonally oriented polaroid fil­
ters. Rotation of an analyser, placed in the common path of the 
comparison beams, changed the colour of the comparison stimulus, 
whereas the intensity was controlled by a neutral density wedge 
placed in the same common path. 
Stimulus presentation. The method of alternating presentation 
was abandoned and replaced by a simultaneous presentation of 
test and comparison stimuli. These were presented cyclically 
with on-periods of 500 msec and off-periods of 1 sec. 
Subj ects. Two subjects К and W took part in this experiment. 
Stimuli. A limited set of wavelength combinations were measured: 
627-521, 627-554, and 594-521 nm in left-right and right-left 
eye posi tion. 
Just as in the preceding experiment, three pairs of luminance 
combinations were measured: (1,1), (l,i), and (i,l). 1 Stands 
for a 300 td level. 
Surround conditions. A white surround (not adjacent, see Fig 1, 
Chapter 2) was presented continuously at either a 300 td level 
or at a 7 td level. In the following, these conditions will be 
indicated as bright (+) and dark (-) surround conditions. 
Experimental procedure. Subjects were instructed to fixate a 
small white spot between test and comparison stimulus. The (1,1), 
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IW ZW 
L R 
627-554 
554-627 
627-521 
521-627 
594-521 
521-594 
(+)surround 
1.09 
1.05 
.75 
.83 
.70 
.89 
(-)siirround 
.84 
.85 
.54 
.50 
.72 
.63 
Subject К 
( +)surrouncl 
.96 
1.08 
.83 
.92 
.76 
.79 
(-)surround 
1.02 
.99 
.98 
.87 
.73 
.79 
Subject W 
Table 5: The sums of the weighting factors in the binocular 
brightness combination process. 
(+)surround (-)surround (+)surround (-) 
L R 
627-554 
554-627 
627-521 
521-627 
594-521 
521-594 
VWR 
.36 
3.69 
.656 
2.04 
.83 
1.50 
R(1,1) 
.07 
16 
.13 
9.5 
.45 
4.2 
VWR 
1.12 
.96 
.75 
1.15 
1.01 
.87 
R(1,1) 
.18 
5 
.21 
7.7 
.55 
2 
w L/w R 
.36 
3.71 
.54 
4.90 
1.23 
2.22 
R(1,1) 
.09 
12 
.125 
9.6 
.71 
2.57 
Subject К Subject W 
ab 
ас 
cd 
bd 
1 
.09 
.24 
.94 
r
ab 
r
ac 
r
cd 
rbd 
= 
s 
= 
с 
.94 
.83 
.71 
1.0 
Table 6 : The r-values given below represent the values of the 
rankorder correlations between the quantities in the different 
columns. 
-SS­
CI,i) and (|,1) luminance pairs were presented randomly within 
one session. In one session both th_e (-) and the ( + ) surround 
conditions were measured for a particular (λ., λ.) pair. Each 
match was measured 8 times. 
Results and discussion. Table 5 presents the Zw values for the 
six stimulus pairs in the two surround conditions. The w values 
were as before computed from the (1,1), (l,¿)t and the(£,]) 
measurements by means of a least square procedure. It appears 
from this Table that the Zw values tend to be smaller than 1. 
These results, therefore, are incompatible with the subadditivi-
ty hypothesis. It seems likely that, contrary to the conclusions 
of Thomas et al., a further specifically central inhibition 
takes place. 
One should remain very cautious, however, not only because of 
the large uncertainty in the experimental data, but also because 
of the bold assumptions we had to make in order to test the sub-
additivity hypothesis. 
With respect to the effect of the surround conditions. Table 6 
represents the relevant data. It shows the w./w values as well r
 1 r 
as the chromatic dominance values (R) for the (1,1) condition. 
The w./w ratios are more pronounced for the (+) surround con-
dition in the sense that there is a dominance of the short wave-
length component. This is also true for the chromatic dominance 
(R) values. For the (+) surround condition the relation between 
the w./w ratios and the R-values tends to be stronger than for 
the (-) surround condition. This can be seen in the rankorder 
correlation coefficients indicated in the Table. 
In the case of more saturated colours (due to the neutral sur-
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rounding field) binocular colour and hrighjiness dominance seem 
to go together, at least more so than for desaturated colours. 
This finding suggest that a substantial part of the brightness 
signal is carried by colour coded signals. 
A final remark should be added with respect to the character of 
the matches obtained in this experiment. First, as earlier noted, 
the matched colour is usually not phenomenologically identical 
to the comparison colour. The binocular colour is usually less 
definite; it retains a distinctly 'binocular' character. The 
matchability, moreover, is strongly reduced under the (+) 
surround condition, especially for those combinations in which 
the dominant (greenish) stimulus is halved in luminance. Then, 
sometimes, an ambiguous dual colouring occurred, or there were 
short flashes of dominance of the'nondominant' colour mostly at 
the end of the 500 msec period of presentation. 
These effects did not occur under the (-) surround condition. 
The occurrence of rivalrous phases made us curious about the 
course of the binocular colour mixing behaviour in time, because 
it might be the case that the rather arbitrary choice of a 500 
msec period of presentation especially favoured the dominance 
of one of the colour components, in this case the greenish one. 
We return to this point in the next chapter. 
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Chapter 5 « Course of dichoptic colour mixture behaviour 
in time. 
An aspect to which we have thus far paid little specific 
attention is the behaviour of the dichoptic colour combination 
system in time. We will first review literature data on this 
subject, especially those for short presentation times. Sub-
sequently, some experiments will be described. 
5.1. Literature. 
Traditionally, dichoptic colour and brightness mixing experi-
ments involve macroscopic presentation durations, as compared 
to monocular colour and brightness studies. The main argument 
used for this is that central processes are time consuming 
(Thomas et al, 1961). This may be true in a number of cases, 
but it cannot be used as a general argument. If binocular pro-
cessing always takes much time, we might just as well, also in 
daily life, use one eye only. Julesz (1971) has indeed presented 
examples of cyclopean perception which take several minutes to 
develop, but it is also known that binocular stereopsis can 
develop within 50 msec flashes. 
In studies on dichoptic contour combination, usually observation 
periods of one minute are taken. The behaviour of the binocular 
system immediately following the beginning of the presentation 
is normally deleted from the analysis. At this stage marked 
changes can occur, but they are often very difficult to classify. 
With respect to the initial phases of dichoptic colour combina-
tion there is little unanimity. There is a strong discordance 
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about the colour appearance for dichoptic presentation times 
less than about 100 msec. 
We have reports of the Kollner phenomena, which refer to hemi-
retinal dominance effects. Crovitz (1963, 1964), and Crovitz & 
Lipscomb (1963), studying the combination of red and green in 
the two eyes, reported a split field appearance, in which the 
colours presented to the nasal hemiretinae predominated. They 
did not mention any amount of mixture of red and green into 
yellow. This is in strong contrast to the reports of Gunter 
(1951), Perry et al. (1969) and Ono et al. (1971), who concluded 
that stable colour mixtures (yellow from red and green) occurred 
only at short presentation times of t < 100 msec. In the study 
by Perry et al. very short flashes (10 ysec) were used. They 
measured visually evoked cortical potentials and found that 
dichoptic stimulation with red (630 nm) and green (520 nm) gave 
rise to a wave pattern similar to that of a yellow (570 nm) 
stimulus. All their subjects (including a deuteranopic and a 
amblyopic observer) appeared to be able to obtain a yellow im-
pression. An interesting discovery was that for the amblyopic 
subject the suppression of the contribution of the non-dominant 
eye was dependent upon the specific wavelength combination. 
Suppression was stronger when the red stimulus was presented 
to the non-dominant eye. 
From Gunter's study we cannot derive precise time relations 
because only the total cycles of on-plus-off durations are given 
(in terms of rev./sec of a sectored disc). If we arbitrarily 
estimate the width of the sector to be one tenth of the disc, 
on-times should have varied from about 10 to 30 msec, and off-
times from 90 to 270 msec. Gunter studied the dichoptic mixing of 
-88-
red and green into yellow, and of yellow and blue into white, 
both for long presentation times and for intermittent present-
ation, but he did not systematically vary the on-to-off ratios. 
Ono et al. (1971) repeated Gunter's experiments for red and 
green and they did vary on-to-off ratios systematically. They 
reported optimal yellow experiences for on-times smaller than 
100 msec, when red and green are presented simultaneously: if 
a pause At is introduced between red and green onsets, this 
At must not exceed 25 msec for a yellow mixture to be obtained. 
For both the synchronised and non-synchronised presentations, 
off-periods had to be larger than about 100 msec. With shorter 
off-periods, the quality of the dichoptic yellow was reduced. 
Neither Gunter nor Ono et al. could observe the split-field 
configuration, which was thought by Crovitz to be typical for 
the early phase of dichoptic colour combination behaviour. For 
longer presentation times, however, Gunter reported that a 
split-field appearance occurred in binocular yellow/blue com-
binations for colour-defective observers. A similar observation 
has been reported by Grimsley(1943). 
An important finding, in our view, is the fact that the stability 
of the short-flash combination products is not only dependent 
upon the on-duration, but also upon the off-duration. It seems 
to reflect an inertia of the binocular equilibrium system. 
Only with long pauses between the presentations can the binocular 
system return to a kind of equilibrium state, in which both eyes 
can contribute about equally to the dichoptic percept. Levelt 
(1965) demonstrated this inertia for the binocular brightness 
combination process. 
It has been known for a long time that a short flash presentation 
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(t < 100 msec) of two orthogonally oriented grating patterns, 
gives rise to a gridlike percept without the rivalry phenomena 
that occur at longer presentation times. If, however, this short 
stimulation is repeated with the off-periods as a variable, one 
can observe a slow rivalry wave when off-durations are shorter 
than about 500 msec. Under these conditions, parts of the mono-
cular images or the images as a whole tend to rival. 
In the short-flash colour studies discussed above, no comparison 
stimuli have been used. This makes conclusions as to the quality 
of the mixture products difficult. A point that might have de-
served more attention in the short-flash studies is that pre-
cisely short flash presentations can be used to control chromatic 
adaptation. Actually, they provide the only possible control. 
But this is only true when pauses between presentations are 
chosen long enough, longer in any case than those used by the 
investigators mentioned above. The fact that Gunter reported 
an optimum in the quality of the yellow obtained from red and 
green in the two eyes to occur only after about 20 sec of inter-
mittent stimulation, can presumably be ascribed at least in part 
to chromatic adaptation effects. 
A final remark concerns the fact that in all the studies dis-
cussed above, test stimuli were presented on a dark surround. We 
have seen in the preceding chapter that the use of a neutral 
surround, even when separated from the tests, can have an influ-
ence on the mixture behaviour. 
It remains to be seen whether a yellow impression can also be 
obtained under conditions in which the chromatic signals in a 
dichoptic red-green mixture are rendered relatively more impor-
tant by reducing the amount of common whiteness in the two stimuli. 
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Walls (1952) criticized Hurvich. and Jameson's (1951) findings 
that central formation of yellow from unique red and unique 
green in the two eyes does not occur; Walls did so on the ground 
of a possible masking by the strong white content, which is due 
to the use of a dark background. We will not use unique colours, 
but the masking argument remains the same; if central synthesis 
of yellow from red and green is possible, one would expect a 
better yellow under the 'white surround' condition. 
5.2. Experiments. 
In the following experiments the binocular colour mixing beha­
viour under a small number of wavelength combinations has been 
studies for different presentation times, varying from 20-3000 
msec. 
The same equipment as described in Chapter 4 was used. The form 
of the stimulus, used in this experiment is depicted in Fig 1. 
This form was chosen in order to make the surround illumination 
more effective. . „ . .. , 
Fig.l Stimulus configuration for the two eyes. Test 
stimuli of different wavelength appear in T, 
the comparison stimuli appear in C. The black 
circle on the white background serves as an 
aid for fusion. 
Stimulus pairs. The double lines in the diagram, given below 
indicate the pairs, measured for two observers, К and W. For W, 
moreover, the pairs indicated by the single lines were measured. 
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A r e t i n a l i l l u m i n a t i o n o f 75 t d was u s e d for the t e s t s t i m u l i . 
The s u r r o u n d i n g w h i t e f i e l d was i l l u m i n a t e d at the same 75 td 
l e v e l . 
P r e s e n t a t i o n t i m e s and p r o c e d u r e . T e s t and comparison s t i m u l i 
were p r e s e n t e d s i m u l t a n e o u s l y . The p r e s e n t a t i o n t imes could 
range from 20 t o 3 0 0 0 m s e c . I n d i f f e r e n t c o n d i t i o n s , ' d i f f e r e n t 
s e l e c t i o n s from t h i s r a n g e w e r e made t o keep the experiment 
w i t h i n m a n a g e a b l e t e m p o r a l b o u n d s f o r t h e s u b j e c t s . The d i f f e r e n t 
temporal c o n d i t i o n s w e r e i n random o r d e r , and each c o n d i t i o n was 
measured four t i m e s i n o n e s e r i e s . P a u s e s between p r e s e n t a t i o n s 
were k e p t c o n s t a n t a t 3 s e c . The s u b j e c t ' s task was to adjust 
both t h e c o l o u r and t h e b r i g h t n e s s o f t h e comparison s t i m u l u s . 
He was a s k e d , h o w e v e r , t o c o n c e n t r a t e p r i m a r i l y upon the chroma­
t i c match. D u r i n g p a u s e s b e t w e e n p r e s e n t a t i o n s , the s u b j e c t was 
f r e e to move h i s g a z e o v e r t h e w h i t e surround ing f i e l d ; during 
p r e s e n t a t i o n s of t h e t e s t f i e l d s , h e h a d to f i x a t e on a small 
b l a c k s p o t b e t w e e n t e s t and c o m p a r i s o n f i e l d s . 
R e s u l t s and d i s c u s s i o n . I n F i g u r e s 2 and 3 the r e s u l t s are 
g i v e n . A long t h e o r d i n a t e s t h e r a t i o s a r e given of the amount 
of the λ. and λ. c o m p a r i s o n c o m p o n e n t s , necessary to match the 
c o l o u r i m p r e s s i o n o f e q u i l u m i n o u s a m o u n t s of the same wavelength 
s t i m u l i p r e s e n t e d t o t h e two e y e s s e p a r a t e l y . 
At l e a s t 10 r e p e t i t i o n s o f t h e o n - o f f c y c l e s were u s u a l l y n e c e s ­
sary t o s e t an o p t i m a l m a t c h . T h i s i s n o t only due to the f a c t 
t h a t one o n - p e r i o d was t o o s h o r t t o make the adjustments, but 
a l s o to f l u c t u a t i o n s i n t h e t e s t f i e l d appearance at s u c c e s s i v e 
p r e s e n t a t i o n s . 
Contrary t o what we e x p e c t e d , p r e c i s e l y t h e short f l a s h s t i m u l i 
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were often difficult to match.. A real colour match seldom 
occurred for the 50 mseca presentations. Although for the red-
green mixtures, that in monocular combination give yellow, we 
did obtain a yellowish impression for the shorter presentation 
periods, this yellow could not be matched satisfactorily. It was 
a desaturated yellow, tinged with green or with a faint reddish 
colour. 
Chromatic dominance of the middle wavelength stimuli increase 
with increasing presentation time up to about 300 to 500 msec. 
At longer presentations, a slow decrease of the mean chromatic 
dominance occurs. We call it explicitly mean chromatic dominance, 
because at presentation times longer than about 500 msec, the 
dichoptic mixture became much more unstable, sometimes taking 
the form of straightforward rivalry. It may be noted that some 
measurements were also made using a dark surround. Colour matches 
were more easily obtained under this condition, but a complete 
match was exceptional here too. Some of these results can be found 
in Figure 2. The curves are essentially the same, although the 
chromatic dominance functions as a whole are shifted along the 
ordinate. 
According to Ono et al., there should be a discontinuity in the 
dichoptic combination process going from short to long presen-
tation times. He made the observation that presentations longer 
than 100 msec did not lead to an initial sensation of yellow, 
but directly to a sensation of red or green. Although an initial 
yellow phase before a stronger predominance of green occurred, 
could not be distinguished clearly by us either in e.g. a 150 
or 250 msec presentation, the gradual course of the chromatic 
dominance function does not seem to reflect a sudden change in 
the process. The latter does not mean, however, that the initial 
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processes are not different from later processes. We shall leave 
this open for the moment. That Ono et al. found red or green 
dominance phases, whereas we found nearly always green dominance, 
is perhaps not so surprising in view of their choice of the 
relative luminances of the green and the red stimuli. Their 
subjects adjusted the luminance of the green stimulus to about 
a factor 2 below the level of the red stimulus, thus obtaining 
equal periods of predominance when the two stimuli were presen-
ted continuously. 
Conclusive remarks. 
1) The more pronounced c'CX) function, found in Chapter 2 for 
the 500 msec/50 td measurement, as compared to the 3 sec/ 
300 td measurements is not only due to the lower luminance 
level, but also to the shorter presentation time. 
2) It must be emphasized that these data are only valid for test 
stimuli presented on a dark surround or in a nonadjacent 
bright neutral surround. For adjacent surrounds, the time 
course of the binocular colour mixture is more strongly de-
pendent upon the illumination level of the surround. 
3) In order to obtain a more general picture of the binocular 
colour-combination process, precise measurements of the 
durations and frequency of occurrence of rivalrous phases 
are necessary. 
A) It may seem tempting to try to relate the initial course of 
the chromatic dominance functions in some way or other to 
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differences in response times for different receptor 
systems. The findings of Fry (1936), Gunter (195J), and 
Ono et al. (1971) that time lags of the red and green stimuli 
in the two eyes up to plus or minus 25 msec did not change 
the colour appearance of the binocular mixture product do 
not indicate such a connection. 
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Chapter 6. Epilogue. 
In the foregoing chapters we have touched on some aspects of 
the binocular colour and brightness combination process. With 
respect to the brightness combination of stimuli with equal colour 
we confirmed Levelt's averaging rule and we presented an equi­
valent alternative. Both rules rest upon a functional segre­
gation of the contrast/contour processing channel and a luminance 
processing channel. 
With respect to the colour mixture, the c'(^) function did not 
bear a functional character. It was a descriptive rule wich 
enabled us to impose some structure upon the data. 
The binocular brightness measurements for stimuli of different 
colour described in Chapter 3 were analysed according to the 
functional brightness averaging rule, which resulted in a clear 
relation between the chromatic dominances, derived from the 
с'(χ) function and the weighting factors in the brightness com­
bination process. In the subsequent chapter this picture was 
somewhat confused, although a correlation between chromatic 
dominance and brightness dominance still remained. It seems clear 
that the particular model we chose, i.e. the formation of the 
brightness signal as a combination of the A, T, and D signals 
before binocular convergence, cannot be completely correct since 
this model does not predict any inhibition at all (£W<1). It 
should be kept in mind, however, that both the functional bright­
ness averaging rule the function chosen for the brightness as 
composed of the A, Τ and D signals are first order approximations. 
The reason for taking a modest position with respect to a 
model in which the various aspects can be 'explained' are twofold. 
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The first reason is that we have studied mainly the stationary 
aspects of binocular brightness and colour combination. The 
second reason is more fundamental; it is concerned with the 
issue of the role of colour and brightness coding in pattern 
recognition» either binocularly or monocularly. 
The fact that we did choose equal shapes for the stimuli in the 
two eyes has indeed enabled us to measure the mixture functions, 
it has not, of course, eliminated the process that normally 
operates in binocular vision to construct a single image. This 
is what makes the study of binocular colour and brightness com-
bination different from monocular colour and brightness studies. 
Colour coding is generally considered an exclusively mono-
cular affair. And indeed the literature (apart from that on 
binocular colour mixing) does not provide many arguments to 
change this point of view. 
In the sections to follow we shall present some evidence against 
this too rigid a point of view. In 6.1 literature data on the 
role of colour coding in binocular stereopsis will be reviewed. 
In 6.2 some reports on interocular transfer of colour and bright-
ness adaptation effects are mentioned. In 6.3 we shall try to 
sketch the present view on colour coding as derived from electro-
physiological measurements at loci beyond the retinal level. Fart 
of 6.3 is also devoted to the problem of the segregation of colour 
analysis and brightness analysis on the one hand, and form 
analysis on the other. 
With respect to the interpretation of our own experimental re-
sults, the conclusion of this bird's eye view will be that it 
would be naïve to propose for our results a simple flow diagram, 
that would certainly have no "surplus value" towards a general 
understanding of the human binocular system. 
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6.1. Stereopsis . 
Lu and Fender (1972) tried to obtain stereopsis in random dot 
stereograms in which the microstructure was formed by chromatic 
differences only. Their conclusion that colour signals are not 
involved in cyclopean stereopsis neglects some peculiarities in 
their data. They measured the luminance contrast ratios, that 
were required in the two-colour random dot stereograms in order 
to obtain an impression of depth from an ensemble of disparate 
dots. When the two colours were produced by short and long wave-
lengths and when the shorter wavelength dots were of higher 
luminance than the long wavelength dots, the luminance ratios 
were smaller than for short-short or long-long wavelength com-
binations. When the short wavelength dots were of lower luminance, 
an enormous increase in luminance contrast ratio was required 
in order to obtain stereopsis. This asymmetry could not be ex-
plained . 
Julesz (1971) found that chromatic contours contribute to the 
cyclopean stereopsis process in the same way as brightness con-
tours do. He obtained stereopsis in the notoriously 'impossible' 
case of random dot stereograms of opposite brightness contrasts 
in the two eyes, merely by choosing chromatic differences be-
tween the dots large enough. Unfortunately, Julesz did not pre-
sent quantitative data on this point. If his observations can be 
confirmed, it would mean that at an early level in binocular 
combination equality or similarity in colour or colour contrast 
in the two eyes can be detected. 
Comerford's (1974) results are in a way intermediate between 
those of Lu and Fender and those reported by Julesz. He obtained 
stereopsis from pure colour contrast figures, that were disparate 
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in the two eyes. However, he used a weak Cyclopean procedure in 
that he presented monocularly recognisable figures. Comerford's 
•ч 
results differ from those of Lu and Fender in that the above-
mentioned asymmetry in luminance contrast ratios that is required 
in order to obtain stereopsis in short and long displays, is 
not apparent in his data. According to Comerford, both colour 
and luminance contrast contribute to a "discriminal signal" that 
feeds into the disparity sensitive cells. 
6.2. Interocular transfer of colour and brightness adaptation 
effects. 
Colour and brightness adaptation have generally been regarded 
as completely independently developing processes in the two 
eyes. Recent experiments, however, have shown a certain amount 
of cross-coupling, at least for brightness adaptation. Paris and 
Prestrude (1975) found that the time course of dark adaptation 
in one eye is influenced by the state of adaptation of the other 
eye. Simultaneous preadaptation of the non-test eye to a less 
intense bleaching light speeded up both the cone and the rod 
parts of the dark adaptation process. The authors tentatively 
pointed to the existence of corticofugal fibres to the retina, 
which might provide a pathway by which a cortical interaction 
between information-flows from the two eyes can be fed back to 
the individual retinas. As far as we know, however, there is no 
clear evidence that such efferent fibres really exist in man. 
Footnote: In a study by DeValois and Walraven (1967) on chromatic 
adaptation, a bleaching light of 650 nm, given in one eye, made 
it impossible to see a 510 nm stimulus, presented in the unbleached 
other eye, as green. This stimulus appeared colourless. According 
to the authors, this effect was due to a central cancellation 
of green activity by ongoing red activity in the red adapted eye. 
Gestrin and Teller (1969) showed that this effect could be elimi­
nated by pressure blinding of the bleached eye. It would be inter­
esting to see whether the effect described by Paris and Prestrude 
still occurs when after the bleaching periode the non-test eye is 
pressure blinded. 
-103-
A rather peculiar example of interocular transfer of chromatic 
adaptation derives from colour-edge adaptation aftereffects. 
There is a still growing stream of studies on aftereffects occur-
ring after prolonged exposure to stimuli, that excite different 
classes of feature detectors. See Mayhew and Anstis (1972) for 
a general view. 
We shall restrict our discussion to the McCollough aftereffect. 
Until recently, all attempts to find an interocular transfer of 
this colour-orientation aftereffect were unanimous in the 
opinion that it was impossible to create interocular transfer 
of the colour aspect, whereas adaptation to the spatial feature 
(orientation) did show transfer (McCollough (1965), Murch (1972), 
Over et al (1973)). The conclusion reached in most of the 
'McCollough' studies is that binocularly driven spatial feature 
analysers are insensitive to colour, whereas "at least some 
monocularly driven spatial feature analysers are tuned to both 
colour and spatial attributes" (Over et al (1973)). 
Recently, however, MacKay and MacKay (1973) and Mikaelian (1975a, 
1975b) did find interocular transfer of the colour aspect. In a 
summery fashion Mikaelian's experiment will be described here. 
Adaptation of one eye to alternatingly presented gratings of 
horizontally oriented green and black stripes and of vertically 
oriented red and black stripes, while the other eye was syn-
chronously stimulated with gratings of horizontally oriented white 
and black lines and of vertically oriented white and black lines 
respectively, led to an orientation specific coloured aftereffect 
in the 'achromatic' eye. On presentation of a test stimulus, con-
sisting of white and black horizontally and vertically oriented 
gratings, the horizontal white stripes appeared greenish and the 
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vertical white stripes appeared reddish for the eye that had 
received 'achromatic' information during the adaptation period. 
Testing the eye that had received the coloured adaptation stimuli 
gave the normal McCollough effect, be it somewhate weakened. Both 
Mikaelian and MacKay suggested an antagonistic transfer of colour 
before the stage at which colour and form are associated, or, 
alternatively, some central mechanism that would regulate the 
neutral points in the red-green channels in the two eyes. 
Mikaelian referred to observations reported by Helmholtz, who 
found that prolonged exposure of one eye to a coloured field 
causes a neutral field to appear slightly tinged with the com-
plementary colour to the nonadapted eye. 
Although it is far from clear how the adaptation transfer effects 
will ultimately be explained,we believe that the effects described 
above are indicative of the existence of some cross-coupling of 
brightness and colour processing in the two eyes. 
6.3. Electrophysiological studies on colour coding beyond the 
retina. 
Possible binocular excitability of colour coded cells at the 
cortex has seldom been studied explicitly. DeValois (1973) repor-
ted binocularity of colour coded cells. He moreover used this 
property to decide upon the cortical rather than the LGN origin 
of the cells under study. We do not have exact data, however, 
either on the character of the binocularity, or on the colour 
properties of these cells. Very recently, Michael was so kind 
as to send us some abstracts of his work on colour coding in 
area 17 of Rhesus monkeys. His studies reveal some binocularity 
for simple cells, and almost complete binocularity for complex 
* Michael C R . , Abstracts of the Association for Research on 
Vision and Opthalmology, april J975. 
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and hypercomplex colour-sensitive cells in area 17. 
An impressive amount of colour vision effects, like wave­
length discrimination, saturation discrimination, the Bezold-
Brucke effect, and, to a large extent, colour naming could be 
explained by DeValois et al. (1966) by taking appropriate com­
binations of single-cell responses of different types of LGN cells. 
The physiological counterparts of the arithmetic combinations, 
necessary to obtain a map of electrophysiological to perceptual 
processes, were supposed to be realized by higher-centre processes, 
presumably at the cortex. The only phenomena that could not be 
fitted into this picture were the important effects of colour 
contrast and colour assimilation, because these effects extend 
over too large an area. 
However, single-cell measurements at cortical area 17 do not seem 
to reveal this higher-centre function satisfactorily (Yates 
1974)). 
Though the existence of spectrally opponent cells is so 
strongly connected to the opponent colours theory that they are 
sometimes denoted as 'Heringian' cells (Brooks and Jung, 1973), 
the use of this term is confusing. Essential in the opponent 
colours theory is the requirement of separate red-green and 
yellow-blue processes, because of the perceptual distinctness 
of these aspects. The fact that in the cortex (and also in the 
LGN) cells have been found, that receive inputs from all three 
receptor systems, is taken by Brooks and Jung as an indication 
of a ultimate Helmholtzian colour vision model. If by 'HeImho11zi an' 
is meant that the ultimate analysis of colour consists of a com­
bination of R, G. and В responses, then it is hard to see how we 
should assign any perceptual relevance to the intermediate 
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'Heringian' cells. The reader may conclude otherwise from 
Brook's and Jung's formulation: "Colour vision in man, however, 
begins in three types of retinal receptors (red, green, and 
blue) and their characteristics determine perception 
How the cortex handles the opponent systems input from the LGN 
to achieve trichromatic vision is problematic, although one 
solution might be that a cortical mechanism compares the input 
of simultaneously active opponent cell types. This would predict 
cortical cells with narrow band spectral sensitivity and some of 
them have indeed been reported". 
Actually, it is a shorthand sketch of the confusing state of 
affairs in a number of electrophysiological studies on colour 
vision. There is an overwhelming amount of evidence for a 
'Heringian' opponent colours organization at precortical levels, 
at least for the red-green system. Unfortunately, the yellow-
blue system, which is interesting in connection with the classic 
yellow problem in binocular colour mixing, received much less 
attention; the only exceptions are the studies by the DeValois 
school, which strictly enunciate a Heringian scheme. 
Though Gouras is specifically concerned with opponent colour 
coding, his models, as presented in Gouras (1972) and by Brooks 
and Jung (1973) to illustrate his view on the colour vision pro­
cess, suggest that Gouras adheres to a 'Helmholtzian' rather 
than to a 'Heringian' colour vision model. In these models yellow 
and white are supposed to be cortical, rather than retinal or 
at least precortical, outcomes. In these schemes it would be a 
relatively small step to think of the possibility of yellow and 
white formation from binocularly converging activities of R , 
+ + + + 
G , and R , G and Б cells respectively. 
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Examples of 'Helmholtzian' views on the colour vision process 
can also be found in other types of studies, such as in the 
Visually Evoked Potentials studies by Regan (1975, 1976) and in 
a psychophysical study by Estevez and Cavonius (1975). We are 
more inclined to adhere to a 'Heringian' scheme which involves 
a yellow and white coding at precortical level. 
When single-cell measurements in the primate cortex were 
first started, a certain disappointment was expressed as to the 
low proportion of cells involved in colour processing (Lennox-
Buchthal, 1962; Hubel and Wiesel, 1968) as compared to the pro-
portion of colour coded cells in the LGN. Whether such a dis-
appointment is justified can only be decided after all the regions 
of the cortex have been investigated. Studies by Gouras (1972), 
Dow and Gouras (1973), as well as Yates (1974) have revealed 
much larger percentages of cells involved in colour coding. 
At the cortex, more stimulus aspects than just colour and bright-
ness must be processed. In reviews on colour processes (DeValois, 
1973) and on cortical visual functions in general (Jung, 1973), 
and in the studies of Gouras and of Dow and Gouras this question 
has been dealt with. All authors assign a more prominent role to 
the cortex as a centre for pattern analysis than for colour analysis. 
In DeValois's view, further colour and brightness processing 
(after LGN) is carried out and stored in relatively few cortical 
cells, whereas the major part of the cortical cells are concerned 
with pattern processing, irrespective of colour, or rather, gene-
ralizing over colours. It is probably a naïve question, but in 
this view we are inclined to ask how the visual system is able 
to assign the right colour to the right object, in a complex 
scene. 
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According to the overall flow diagram, designed by Gouras (J972) 
for the segregation of colour and pattern processing, this se-
gregation occurs after the convergence of LGN spatial-colour 
cells (spectrally opponent cells with a centre-surround recep-
tive field structure) on linear arrays of different orientation. 
For the further processing of colour, a generalization over 
orientation is supposed to occur, whereas for the further pat-
tern processing a generalization over colours would take place. 
The same naïve question as put earlier with respect to DeValois' 
view remains. In Jung's review some attention is paid to the 
complex interactions of brightness and form analysis. The rea-
son for mentioning this point here is that the perceptual process 
of brightness and colour is generally conceived of as a primitive 
process, occuring early in the chain of events from the retina 
to the brain. This is certainly true as far as the initial coding 
is concerned but there is evidence that the perceptual analysis 
of brightness and colour is a late process, subject to the out-
comes of pattern analysis processes. 
In Jung's review the Ehrenstein illusion is discussed. Jung 
tentatively proposed that simple field neurons in area 17 of the 
visual cortex might account for the line-induced brightness 
illusions by generating information not only about edges but also 
about brightness. Research in this field is still going on, both 
from a physiological-psychophysical point of view (Spillmann, 
Fuld and Gerrits, in preparation, see also Spillmann (1975)) and 
from a psychological point of view (Van Tuijl, in preparation, 
see also Van Tuijl (1975) for related colour effects). Recently 
Van den Brink and Keemink (1976) showed central influences on 
the brightness perception in the well-known Cornsweet illusion. 
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We leave this complicated matter after one more remark on 
the segregation of the processing of spatial changes in colour 
and brightness, and the so-called pure processing of colour and 
brightness information. Our remark concerns the findings on 
colour coding characteristics in visually evoked cortical res­
ponses. According to e.g. Perry et al (1969), colour specific 
responses only occur late in the VER's. In a recent study by 
Padmos and Van Norren (1975), in which for macaque monkey's 
(which possess a human-like colour vision system) the electrical 
activity of area 17 was measured, these late peaks did not occur. 
The waveforms in their study were essentially identical for all 
wavelengths. Padmos and Van Norren considered the late peaks as 
found by Perry irrelevant to colour processing. But might this 
not be due to the fact that the measurements of Padmos and Van 
Norren are concerned with the discriminal function of colour 
coding, rather than the perceptual analysis of the colours, 
the latter being performed at higher, non-striate parts of the 
cortex just as has been suggested by Perry et al.? 
The preceding considerations do not encourage us to propose 
a binocular colour combination model as a straightforward con­
vergence of ρrecortically determined colour coded signals on 
binocularly driven colour detecting cells in the cortex. We 
could, just as we planned at the start of our experiments, try 
to describe the binocular combination process as a triplet of 
linear combination rules, analogous to the linear luminance com­
bination rule. This is preliminary, however, because, whatever 
choice we make for the linear attributes of colour coding 
(either receptor absorption functions or linear opponent colour 
codes (Krantz (1975a, 1975b)), we still need a number of ad hoc 
assumptions in order to explain the strong middle wavelength domi­
nance . 
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Summary 
The present dissertation reports various studies in binocular 
brightness and colour interaction. 
Chapter 1 deals with binocular brightness combination for stimuli 
of equal form and equal colour. We have tested the adequacy of 
Levelt's (1965) linear combination rule, which states that the 
binocular brightness combination system behaves as if luminances 
of the stimuli in the two eyes are averaged. 
We used an additive conjoint measurement model for this test. 
The quintessence of conjoint measurement models is that from a 
qualitative ordering of the magnitude of psychological effects, 
which occur as a joint effect of independent variables, the 
nature of the combination rule can be derived, and furthermore, 
that measurement scales can be obtained for the independent 
variables (Bezembinder,1970). The additive model is the simplest 
member of the class of conjoint measurement models. It requires 
that the effect due to variation of one of the variables does not 
depend upon the values of the other variables. That is just what 
is the case with Levelt's rule, as long as the luminance values 
in the two eyes are amply above the threshold level. 
The data structure obtained in an experiment in which binocular 
brightness impressions were ordered, meets the requirements of 
the additive model for a restricted range of luminance values. 
Satisfactory descriptions of the additive and the nonadditive 
parts of the binocular brightness combination behaviour can be 
given by the vectorial brightness combination model of Engel 
(1967, 1969) and by a model based on Schrödinger's (1926) idea 
that each monocular brightness response is weighted in the binocular 
percept with a weighting factor determined by the ratio of the 
monocular flux to the sum of the monocular fluxes. 
Chapter 2 concerns binocular colour mixtures. In the experiments, 
subjects matched binocular colour impressions arising from stimu-
lation of the two eyes with differently coloured stimuli, with 
a binocularly presented monocular ('normal') mixture of the same 
components. In two series of experiments, carried out at different 
luminance levels, binocular colour combinations of spectral stimuli, 
ranging from 490 to 630 nm, were measured in this way. 
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The most conspicuous finding was a strong suppression of red res­
ponses in all combinations in which one of the test stimuli had 
a wavelength beyond about 580 nm. Analysis of the mixture results 
enabled us to describe the mixture data by way of a wavelength-
dependent function, c' (λ), and by a wavelength-independent 
quantity, representing the natural eye dominance. The c'CA) 
function shows a maximum somewhere between 550 and 580 nm, which 
means that a binocular mixture of equally luminous stimuli of 
e.g. 570 and 500 nm can be matched by a normal mixture containing 
a greater portion of the 570 nm stimulus than of the 500 nm 
s timulus. 
In Chapters 3 and 4, binocular brightness combination for stimuli 
of different colour is described. 
According to Thomas et al (1961), luminance summation should occur 
for stimuli of unequal colour, whereas averaging of luminances 
should be the rule for equally coloured lights. We have tested 
this thesis in two series of experiments. 
In the first type of experiment, described in Chapter 3, subjects 
matched the brightness impression of binocular test pairs with a 
(binocularly presented) neutral comparison stimulus. Initially, 
the procedureof equibrightness measurement was used for a number 
of wavelength combinations. The resulting curves are comparable 
in form to those for stimuli of equal colour (Levelt, 1965), 
which means that for a restricted range of luminance values a 
linear relation can be found between those test field values that 
yield a constant binocular brightness impression. In further 
series we varied the luminance of the test fields, and adjusted 
the luminance of the comparison stimulus until a brightness 
match was reached. For the analysis we made use of the descriptive 
adequacy of the linear combination rule. As linear attributes 
for brightness we used the luminance concept as proposed by Guth 
(1973). For spectral stimuli this new measure of luminance is 
proportional to the flickerphotometrically defined luminance. 
Analysis of the results according to a linear combination model 
yielded wavelength-dependent weighting functions, that are 
roughly comparable to the weighting factors derived from the 
colour mixing experiment of Chapter 2. 
We could not confirm the conclusion of Thomas et al. that bright-
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ness summation occurs for unequally coloured lights. 
In Chapter 4, experimenta are described in which, just as was 
the case in the experiment by Thomas et al., subjects matched both 
the colour and the brightness impression of the binocular test 
field combination with a binocularly presented normal mixture of 
the same wavelength components. 
For the analysis of these data we had to deal with the failure 
of Abney's Law, which refers to additivity of luminances for 
lights of different wavelength. As a working model we used a 
model presented by Guth (1973), in which the additivity failures 
are supposed to proceed from cancellations within opponent colour 
channels. A additional assumption was that these cancellations 
occur within the monocular channels, i.e. before the stage of 
binocular convergence. The results, however, indicate that the 
latter assumption does not hold completely. 
Chapter 5 starts with a short review of the literature data on 
binocular colour combination experiments for short stimulus dura-
tions. Subsequently, some experiments are described in which the 
presentation time of test and comparison stimuli was varied from 
20 to 3000 msec. In the first few hundreds of milliseconds, an 
increase in chromatic dominance occurs for the greenish stimuli 
in reddish-greenish mixtures. After about 300-400 msec the pre-
dominance again decreases and on the average, tends to remain 
at a constant level. 
The data obtained in the experiments described in this thesis, 
represent only a partial picture of the phenomena that occur 
with binocular colour and brightness combination. Rivalry 
characteristics have hardly been dealt with. For this reason, 
and also on the grounds of literature data reviewed in Chapter 6, 
it seems premature to present a model of binocular colour com-
bination. 
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Samenvatting 
In dit proefschrift worden een aantal studies over binoculaire 
helderheids- en kleurinteractie besproken. 
Hoofdstuk 1 behandelt binoculaire helderheidscombinaties voor 
stimuli van gelijke vorm en gelijke kleur. We hebben hierin de 
adekwaatheid van Levelts (1965) lineaire combinatieregel getoetst. 
Deze regel houdt in, dat het gedrag van het binoculaire helder-
heids-combinatiesysteem neerkomt op een middeling van de lumi-
nanties van de stimuli in de twee ogen. 
Voor deze toetsing werd gebruik gemaakt van een additief conjunct-
meetmodel. De essentie van conjunct-meetmodellen is, dat uit 
ordinale informatie over de grootte van psychologische effecten 
die optreden als een gezamenlijk gevolg van verscheidene onaf-
hankelijke variabelen, de aard van de combinatieregel kan worden 
afgeleid en dat bovendien meetschalen verkregen kunnen worden 
voor de onafhankelijke variabelen (Bezembinder, 1970). Het addi-
tieve model is de eenvoudigste loot aan de boom van conjunct-
meetmodellen. Het vereist dat het effect, dat optreedt als gevolg 
van verandering van een van de variabelen, onafhankelijk is van 
de waarden van de andere variabelen. Aan deze voorwaarden voldoet 
de lineaire combinatieregel van Levelt, zolang de luminanties in 
de twee ogen ruimschoots boven de drempel zijn. De structuur van 
de data, verkregen in een experiment waarin proefpersonen een 
ordening gaven van binoculaire helderheidsindrukken, voldoet aan 
deze eis voor een beperkt gebied van luminanties. 
Zowel het additieve als het niet-additieve deel van het binocu-
laire helderheids-combinatiegedrag kunnen bevredigend worden be-
schreven met het vectoriële helderheids-combinatiemodel van 
Engel (1967, 1969) en met een model dat gebaseerd is op Schrödingers 
idee dat elk van de monoculaire helderheidsresponsen in het 
binoculaire percept wordt gewogen met een factor die bepaald 
wordt door de verhouding van de betreffende monoculaire flux tot 
de som van de monoculaire fluxen. 
Hoofdstuk 2 betreft binoculaire kleurmenging. In de hier besproken 
experimenten hadden de proefpersonen tot taak de kleurindruk van 
een aan de twee ogen aangeboden monoculair ('normaal') mengsel 
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van twee kleurstimuli gelijk te stellen met de kleurindruk die 
ontstaat als de twee kleurstimuli aan verschillende ogen worden 
aangeboden. In twee reeksen van experimenten werden voor ver-
schillende helderheidsniveaus binoculaire kleurcombinaties ge-
meten van spectrale stimuli met golflengten die varieerden van 
490 tot 630 nm. 
Het meest opvallende resultaat was een sterke onderdrukking van 
rood-responsen in al die combinaties, waarin de golflengte van 
éên van de teststimuli groter dan 580 nm gekozen was. Het bleek 
mogelijk de mengresultaten te beschrijven met één, van de golf-
lengte afhankelijke functie, c'(X), en met een van de golflengte o 
afhankelijke parameter, die de natuurlijke oogdominantie repre-
senteert. De c'ÍX) functie vertoont een maximum tussen 550 en 
580 nm, hetgeen bijvoorbeeld betekent, dat een binoculair mengsel 
van 570 en 500 nm stimuli in kleur gelijkgesteld kan worden met 
een normaal mengsel, waarin van de 570 nm stimulus een groter 
aandeel nodig is dan van de 500 nm stimulus. 
In de hoofdstukken 3 en 4 wordt het probleem van de binoculaire 
heIderheidscombinatie voor stimuli van verschillende kleur aan 
de orde gesteld. Volgens Thomas et al. (1961) zou er sommatie 
van luminanties optreden voor stimuli van verschillende kleur 
terwijl er een middeling van luminanties zou optreden voor stimuli 
van gelijke kleur. Deze stelling werd getoetst in twee reeksen 
van experimenten. 
In hoofdstuk 3 worden de experimenten beschreven, waarin de hel-
derheide indruk van binoculaire paren van teststimuli vergeleken 
moest worden met de heIderheidsindruk van een aan beide ogen aan-
geboden neutrale vergel ijkingsstimulus. In eerste instantie werd 
een vergelijkingsstimulus van constante helderheid gebruikt. De 
resulterende curven zijn, wat de vorm betreft, vergelijkbaar met 
die, welke gemeten zijn voor stimuli van gelijke kleur (Levelt, 
1965). Dit betekent dat er voor een beperkt gebied van helderheids 
waarden een lineair verband bestaat tussen die testveldhelderheden 
die samen een constante helderheidsindruk opleveren. In verdere 
experimenten werden de helderheidswaarden van de testvelden on-
afhankelijk gevarieerd en werd het niveau van het vergelijkings-
veld aangepast. 
Voor de analyse werd gebruik gemaakt van de beschrijvende ade-
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kwaatheid van de lineaire combinatierege1. Als lineaire maat 
voor helderheid werd het luminantieconcept gehanteerd zoals voor-
gesteld door Guth (1973). Voor spectrale stimuli is deze luminantie-
maat evenredig met de flikker-fotometrisch bepaalde luminantie. 
De analyse leverde wegingsfactoren op die afhankelijk zijn van 
de golflengten en die globaal vergelijkbaar zijn met de weeg-
factoren welke af te leiden zijn uit het in hoofdstuk 2 bespro-
ken kleurmengingsexperiment. 
De conclusie van Thomas et al.,ten aanzien van sommatie van lu-
minanties voor verschillend gekleurde stimuli werd niet bevestigd. 
In hoofdstuk 4 worden experimenten beschreven, waarin de taak van 
de proefpersonen bestond in een kleur- en helderheidsgelijkstelling 
van de binoculaire testveldcombinatie met een aan twee ogen ge-
presenteerd normaal mengsel van dezelfde kleurcomponenten. Bij 
de analyse van de resultaten wordt ingegaan op de problemen rondom 
Abney's wet, die veronderstelt dat er additiviteit van luminanties 
optreedt voor stimuli van verschillende golflengten. Daarbij is 
gebruik gemaakt van het eerder genoemde helderheide concept van 
Guth (1973, waarin verondersteld wordt dat ook de beide opponente 
kleurkanalen (rood/groen en geel/blauw) een bijdrage leveren tot 
de helderheid. Het niet-additieve karakter van de luminanties voor 
stimuli van verschillende kleur wordt in dit model toegeschreven 
aan antagonistische interacties binnen de kleurkanalen. We hebben 
bovendien aangenomen dat deze antagonistische interacties zich 
alleen in de monoculaire kanalen afspelen. Deze laatste veronder-
stelling lijkt, gezien de resultaten, niet geheel op te gaan. 
In hoofdstuk 5 wordt een kort overzicht gegeven van literatuur-
gegevens over binoculaire kleur-combinatieexperimenten, waarin 
korte presentatietijden zijn gebruikt. Vervolgens worden enige 
experimenten besproken waarin de presentatietijd van test- en 
vergelijkingsstimuli werd gevarieerd van 20 tot 3000 msec. In de 
eerste paar honderd milliseconden neemt de chromatische dominantie 
voor de groene stimuli in rood-groen mengsels toe. Na ongeveer 
300 à 400 msec neemt deze dominantie weer af en wordt het dominan-
tieniveau, gemiddeld genomen, constant. 
De gegevens, verkregen in de hiervoor beschreven experimenten, 
geven slechts een gedeeltelijk beeld van de verschijnselen die 
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kunnen optreden bij binoculaire kleur- en heIderheidscombinaties. 
Rivaliteitsverschijnselen zijn niet of nauwelijks aan de orde 
gesteld. Om redenen hiervan, maar ook op grond van literatuurgegevens, 
besproken in hoofdstuk 6, lijkt het ons te vroeg om een model voor 
binoculaire kleurcombinatie te presenteren. 
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STELLINGEN 
De Grassmann-wetten, die de normale (monoculaire) kleurmenging 
beschrijven, hebben betrekking op gebeurtenissen op het niveau 
van de visuele pigmenten. Voor binoculaire kleurmenging hebben 
ze geen betekenis. 
De veronderstelling van Blake en Fox dat de 'monoculaire dubbele-
energie (2E)- conditie' als bovengrens zou kunnen dienen voor de 
mate van neurale sommatie, die optreedt bij binoculaire presenta-
tie van stimuli met energie E, berust op sterke impliciete assump-
ties over de vorm van de neurale omzettingsfunktie. Indien voor 
deze omzetting een exponentiële funktie wordt gekozen, zou de ex-
ponent (n) groter of gelijk aan 1 moeten zijn. Immers voor n< 1 
zou bij volledige neurale sommatie in de binoculaire combinatie, 
in het schema van Blake en Fox tot supersommatie besloten moeten 
worden, omdat En + E n>(2E) n voor n<l. 
Blake, R. & Fox, R., Perception & 
Psychophysics, 1973, 2A> 161-185. 
Hoewel in het algemeen wel duidelijk is wat met subjectieve kleu-
ren bedoeld wordt, is het gebruik van deze terminologie onjuist, 
omdat de suggestie wordt opgewekt dat er ook objektieve kleuren 
bes taan. 
Het feit dat proefpersonen de roodheid van een stimulus kunnen 
neutraliseren door toevoeging van een geschikte hoeveelheid groen-
heid van een andere stimulus, betekent niet noodzakelijk dat ze ook 
in staat zijn om een schatting te geven van de grootte van de rood-
responsie. De afhankelijkheid van de grootteschattingen voor een 
bepaalde kleurresponsie van de sterkte van andere kleurresponsies 
kan vooralsnog even goed verklaard worden door aan te nemen, dat 
alleen relatieve grootte geschat wordt als met de assumptie, dat 
maskering van een zwakke kleurresponsie door een sterkere optreedt. 
Raaijmakers, J.G.W. & De Weert, Ch.M.M. 
Perception & Psychophysics, 1975, 
j_8, 474-480. 
Zolang niet voldoende duidelijk is welke rol attentie speelt in 
de proceseen die ten grondslag liggen aan binoculaire rivaliteit, 
lijkt in de studies van Rommetveit c.s., waarin binoculaire rivali-
teit van woorden wordt gebruikt om de organisatie van het semantisch 
geheugen te bestuderen, het middel erger dan de kwaal. 
Rommetveit, R. & Blakar, E.M., Scand. 
J. Psychol., 1973, j_4, 185-194. 
Rommetveit, R. et al, Scand. J. Psychol. 
1968, J_8, 138-144, 150-156, 277-281. 
Er zijn proefpersonen bij wie aniseikonie leidt tot een waargenomen 
diepte ín een andere dan op grond van retinale dispariteit voorspel-
de richting. Bij deze proefpersonen zijn diepte-naeffecten gekoppeld 
aan de waargenomen diepte, niet aan de dispariteit. Dit wijst erop, 
dat aniseikonische diepte niet geheel kan worden teruggevoerd op 
normale stereopsis, maar dat er centrale mechanismen van perceptueel 
leren bij zijn betrokken. 
Van der Meer, H.C., Acta Psychologica, 
1974, 38, 283-302. 
Naar verwachting zal een vijftal nieuwe subsidieaanvragen van de 
Nederlandse Stichting voor Psychonomie door ZWO worden gehonoreerd. 
Een conservatieve berekening toont aan dat de daarbij gevolgde pro-
cedure meer dan een vol werkjaar van een academicus in beslag neemt. 
Daarnaast zijn er dan nog aanzienlijke secretariële en materiële 
kosten aan deze procedure 'verbonden. 
Het zou aanbeveling verdienen om de keuringstaken van bedrijfsge-
neeskundige diensten te laten ressorteren onder een overheidsin-
stantie, zoals bijvoorbeeld een regionaal of locaal arbeidsbureau. 
Het veelvuldig gebruik van engelse of kwasi-engelse woorden voor 
in goed nederlands te benoemen zaken is een vorm van milieuvervuiling. 
Nijmegen, 16 juni 1976 Charles M.M. de Weert. 

Chromatik^ 
cPriester werden Messe singen, 
Und die Pfarrer werden pred'gen ; 
Jeder" wird vor allen Dingen 
Seiner ¿Meinung sich entled'gen 
'Und sich derQemeine fieuen, 
Die sich um ihn hen versammelt, 
^o im (¿Alten wie im Цеиеп 
Otingefälye'Worte stammelt. 
HJnd so lasset aucti die^arbeii 
Mich nach meiner 'Art verkünden, 
Ohne'Wunden, ohne (¿Narben, 
Wit deflässlichtsten der" Sünden. 
Qoethe 
